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NASTRAN: USERS' EXPERIENCES

Compendium of papers prepared for the Third NASTRAN Users' Colloguium

September 11-12, 1973
NASA Langley Research Center

FOREWORD

NASTRAN (EﬁSA STRUCTURAL QEALYSIS) has been available to the public since
late in 1970. As a large, comprehensive, nonproprietary, general purpose,
firite element computer system for structural analysis, NASTRAN is finding
widespread acceptance within NASA, other government agencies, and industry.

NASTRAN is available to the public at a cost of $1,790, which covers
reproducing and supplying the necessary system tapes. Furthermcre, NASA has
provided for the continuing maintenance and improvement of NASTRAN through the
establishment of a NASTRAN Systems Management Office located at the Langley
Research Center. At present, NASTRAN is in use at over 240 locations, includ-
ing NASA centers, other government agencies, industry, and commercial computer
data centers.

Because of the widespread interest in NASTRAN and because of a desire to
better serve the community of NASTRAN users, the NASTRAN System Management
Office organized the Third NASTRAN Users' Colloquium at the Lannley Research
Center, September 11-12, 1973. (Compendiums of papers from previous
Colloquiums, 1971 and 1972, were pubtlished as NASA T X-2378 and NASA
™ X-2637, respectively.) The colloguium was planned to provide to everyone
concerned an onportunity to participate in a comprehensive review of the cur-
rent status of NASTRAN use, unique applications, operational prcblems, most
desired modifications including new capability, and substructuring.
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Individuals actively engaged in the use of NASTRAN were invited to prepare
papers rfor presentation at the collogquium. These papers are included in this
volume. Only a limited editorial review was provided to achieve reasonably
consistent format and content. The opinions and data presented are the respon-

sitility of the authors and their respective organizations. ‘%
%
Deene J. Weidman, Conference Chairman i
NACTRAN Systems Mansgement Office o
Langley Research Center -+
Yampton, Va. 23665 P
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FUTURE NSMO PLANS FOR MAINTENANCE OF NASTRAN

By Deene J. Weidman

NASA Langley Research Center
INTRODUCTION

The objectives of the NASTRAN computer program system are to provide a
general structural anelysis capability for NASA centers and :ajor NASA contrac-
tors and to allow effective use of NASA structural analysis capatility in otler
agencies and industries throughout the nation. 1In addition, the importance of
the Space Shuttle project to the nation's space program makes it imperative to
provide timely improvements to NASTRAN to support analysis and design of the
Shuttle vehicle. Shuttle improvements are expected to have general application.

Use of NASTRAN has increased steadily since the second NASTRAN Users'
Colloquium September 11-12, 1972 (ref. 1). The total number of individual users
is now estimated to be 2200, an increase of about 50 percent in the past yeer.
NASTRAN is known to be installed st 2LO computer sites in the Uniled States and
abroad as identified in the following lisct:

9 NASA centers
10 Department of Defense sites
18 Aerospace ccmpany users
22 Small airnraft company users
181 Nonaerospace users including -
34 Computer company sites
9 Automotive company sites
17 Universities
121 Other users

r——

These estimates are based on the NSMO Newsletter mailing list and are, there-
fore, believed to be somewhat conservative,

PLANNED DEVELOPMENTS

The overall development plan for NASTRAN is shown in figure 1. The four
items on the left of figure 1 are ongoing developments this fiscal year. The
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design and coding for Level 1€ is nearly complete. Because substantial changes
have been incorporated into Level 16, extensive debugging, checkout. and thor-
ough exercising of this code are planned which will lead to general public
release about the end of calendar year 1974. Automated substructuring, diag-
nostics and DMAP improvements, and other shuttle improvements are all funded by
the Spuce Shuttle project and will not be introduced into the standard NASTRAN
system until after release of Level 16. A subsonic flutter package has been
developed for NASTRAN and is operational in-house. Plans call for its instal-
lation into the standard NASTRAN system also after the release of Level 16. A
long-range study of the impact of fourth-generation computers on NASTRAN is
being initiated in-house and may become a contract activity later.

Following fiscal year 1974, new capability development will be principally
focused on fundamental improvements such as an improved graphics package, expan-
sion of NASTRAN's nonlinear elastic and plasticity capabilities, and inccrpora-
tion of some new finite elements. New capabilities will be introduced at less
frequent intervals than in the past and release of future ievels of NASTRAN wili
correspondingly occur at a reduced rate. Further into the future, it is ernvi-
sioned that there may be a complete overhaul of NASTRAN (NASTRAN II(?)) to incor-
porate advanced finite-element technology, to allow for potential fourth-
generation computer usage, and to take advantage of advanced techniques for
program organization and data management. A steady incorporation of efficiency
improvements and error correction is also necessary to keep a program system of
the size and complexity as NASTRAN viable.

CAPABILITY IMPROVEMENTS IN LEVEL 16 OVER LEVEL 15

NASTRAN Level 16 will contain three kinds of improvements compared with
Level 15: (1) new capabilities developed by others and installed under contract
by NSMO, (2) improvements to existing capabilities in response to aerospace
industry requests, and (3) addition of some higher quality finite elements. The
first kind of improvement includes a feature which can drastically reduce input,
storage, and run times for structures which have cyclic geometric symmetries, =
module which resizes once all elements in a structure using a specified allow-
able stress and a simple stress-ratio resizing algorithm, and complete heat- b
transfer capability including conduction, convection, and radiation. The second §
kind of improvement includes an improved differential stiffness capability allow-!
ing iteration, the ability to output shear-force information in terms of shear
flows, the sorting of stress results from various load cases by element, and an
automation of the partitioning vector generation required for substructuring.

The third kind ¢f improvement includes isoparametric solid finite elements,
rigid elements, improved ring and plate elements, and two improved quadrilateral
membrane elements.
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EFFICIENCY IMPROVEMENTS IN LEVEL 16 OVER LEVEL 15

A large amount of basic NASTRAN code will be redone in Level 16 to provide
major improvements in efficiency - reduced run-time and storage requirements.
Probably the most extensive change will be incorporation of a new technique for
assenbling stiffness and mass matrices. Improvements in symmetric matrix
decomposition, the forward and backward substitution, and multiply-add matrices
will be included, and the multipoint constraint and dynamic data recovery fea-
tures will be improved. Single- and double-precision options -rill be included
for IBM, CDC, and UNIVAC computers. Improvements in input/output routines will
include string notation for data, nontransmit read, and random- and direct-
access features. Detailed discussion of these future efficiency improvements
is contained in reference 2.

NEW ERROR CORRECTION PROCEDURE

An overview of the NASTRAN error correction procedure is shown in figure 2.
In all cases of receipt of a user report, an action is taken, and a reply letter
is sent to the user. TFor each user-reported inconsistency, NSMO determines into
which of three categories the report falls. Those reports that do not appear
to be user misunderstandings are assigned an SPR (Software Problem Report) num-
ber and priority and then delivered to the maintenance contractor for evaluation
and correction. A substantial number of SPR's are not "errors" but in reality
represent a need for improvement in the system.

The lower half of figure 2 shows the activities of the maintenance contrac-
tor for each SPR he receives. The maintenance contractor screens out any user
errors and previously reported bugs (PRB). For valid 3PR's, &4 run using the
user-submitted deck is always performed and the contractor determines the cause
of the error and the needed correction. At this point, figure 2 shows a pro-
posed departure from current practice. An "ALTER" form would be genc¢rated by
the maintenance contractor which specifies all code corrections needud to
resolve each SPR along with information to aid in installing the corrections
in users' decks. Responsibility for making the corrections would be the users!
ALTER forms might be released at frequent intervals to the user community via
the NASTRAN Newsletter. Evaluation of this and other avenues to quicker error
correction response to users is currently underway; of course, error corrections
will be incorporated in each new archive level as issued. The final maintenance
contractor tasks for each SPR are a validation run of the corrected code on the
user's problem and any required documentation updates. Then NSMO verifies the
successful completion of the contractor's tasks for each SPR.

&
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CONCLUDING REMARKS

NASTRAN provides a general structural analysis cepability for NASA, NASA
contractors, end other agencies and industries. In particular it is expected
to support structural analysis and design of the Space Shuttle vehicle. A
steady growth in the general use of NASTRAN is evident with an estimated
50-percent increase in the number of individual users in the past year. Derel-
opment plans call for less frequent addition of new capability and corresponu-
ing release of future levels at a reduced rate. Near term focus in NSMO will
be to implement new error correction procedures to improve communication with
users and speed up the error correction process.

REFERENCES

1. Anon.: NASTRAN: Users' Experiences. NASA TM X~-2637, 1972.

2. McCormick, Caleb W.: Review of NASTRAN Development Relative to Efficiency
of Execution. NASTRAN: Users' Experiences, NASA TM X-2893, 1973,
pp. 7-28. (Paper no. 2 of this compilation.)
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REVIEW OF NASTRAN DEVELOPMENT
RELATIVE TO EFFICIENCY OF EXECUTION

By Caleb W. McCormick
Director of Engineering Analysis
The MacNeal-Schwendler Corporation
Lus Angeles, California

SUMMARY

This paper reviews the development of NASTRAN rclative to tne efficiency
of execution, with particular esmphasis on those items which have changed sig-
nificantly since the original release of NASTRAN. Features discuvsed include
main and secondary storage utilization, matrix packing, matrix assembly, matrix
multiplication, matrix decomposition and equation solution. Also a brief look
into the future discusses the questions of faster arithmetac units and more
effective storage utilization. In some cases the improvements i. NASTRAN
efficiency have resulted from taking advantage of hardware developments, while
in other cases increased efficiency has resulted from improvements in the state
of the art for data processing or matrix operations. The modular design of
NASTRAN has made it possible to improve the efficiency in many parts of NASTRAN
without changing the basic design of the program.

INTRODUCTION

The main goal in the original design specifications for NASTRAN was the
solution of large problems in both statics and dynamics. Although efficiency
has always been an important consideration, the primary emphasis in the begin-
ning was on the wide range of problem types of large size. However, it was
recognized that in order to solve large problems, it would be mandatory to
take advantage of sparse matrix techniques. Consequently, all of the original
matrix operations were designed to utilize sparse matrix techniques. Si‘ice the
original release of NASTRAN, a number of improvemcnts have been made in the
efficiency of the matrix routines by taking advantage of hardware developments
a?d improvements in the state of the art for data processing and matrix opera-
tions.

Hardware and software limitation: required that the early versions .f
NASTRAN uge only sequential secondary < -.rage. The current versions of NASTRAN
use direct access devices for secondar <: saze. Level 16 will include the
use of random access coding in the matri. ::-embly and equation solution opera-
tions. The use of multiple types of secondary storage devices will be an
important dovelopment for future releases cf NASTRAN.
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Most of the original code for NASTRAN was written in FPRTRAN IV in order
to reduce both the development costs and maintenance costs. Machine language
was used only in those placed where it was necessary to interface with the
resident operating systems. Howcver, efforts were made to improve the effi-
ciencv of the compiled code by care ir the use of FPRTRAN. For example, in
the case of nested D@ loops it was found that, for some compilers, the speed
of the inner loops for multiply-add operations could be improved by a factor
of two by simply writing the inner loop as 1 separate subroutine. Substantial
improvements have been made in Level 15 and Level 16 through the use of machine
language in many of the more important matrix operations. Even so, except for
the transfer of information between main storage and secondary storage and
the matrix packing routines, the use of machine language has been restricted
to the inner loops of the matrix operations.

The original emphasis on the solution of large problems has caused NASTRAN
to be relatively inefficient for small- and medium-size problems. Many of
the Level 16 improvements will substantizlly improve the efficiency of NASTRAN
for the smaller problems. The main improvements in this area are associated
with the more effective use of main storage and additional options for the
matrix packing routines.

MAIN STORAGE UTILIZATION

The original design of NASTRAN recognized the importance of preserving as
much as possible of the main storage for matrix operations. The overlay struc-
ture was carefully designed to minimize the amount of code that had to be
resident in main storage, particularly during the operation of important matrix
routines. Also, in order to preserve the maximum amount of main storage for
each matrix operation, all results were transferred to secondary storage prior
to the start of a new major operation. This transfer of information to and
from secondary storage placed a heavy burden on the matrix packing routines
and the associated read and write routines. These routines have contributed
heavily to the relative inefficiency of MNASTRAN.

The original design of the overlay structure for NASTRAN is still in use
and there appears to be no need for major changes in this area. The ineffi-
ciencies resulting from the transfer of information between main and secondary
storage has been a source of some concern and has received extensive revision
in both Level 15 and Level 16.

In order to reduce the requirement for transfers between main storage and
secondary storage, Level 16 will provide an option to use a portion of main
storage for the retention of data which would otherwise be transferred to
secondary storage. This option is under the control of the individual func-

BRI PR RN

tional modules and has been implemented by allowing the use of multiple buffers °

in main memory by the I/P routines. This option will be particularly effective
when relatively small amounts of frequently used information can be retained in
main memory and thereby avoid excessive transfers from secondary storage. A

strong candidate for using this option is the numerical integration in transient
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response problems, where currently the triangular factors of the dynamic matrix
must be read from secondary storage at z2ach time step. If the problem is not
too large, it may be convenient to allocatc sufficient main memory to hold the
triangular factors in main storage. This option should also be useful for non-
linear problems where the problem sizes tend to be small and repetitive opera-
tioms form an important part of the total solution time.

SECONDARY STORAGE UTILIZATION

All of the transfers of information between secondary storage and main
storage in the early releases of NASTRAM used sequential access methods. Much
of the original code was also written in FPRTRAN, which further contributed to
the inefficiencies. The original dynamic use of files as supervised by the
NASTRAN Executive System has stood the test of time and remains today essen-
tially as in the original design.

Sequential procedures are still used for all write operations. However,
read operations may be performed either by the use of sequential procedures or
random procedures. Two important uses of the random access procedures in Level
16 are for matrix assembly and the back substitution part of the equation
solution routines.

MATRIX PACKING

Efficient operation with large sparse matrices requires an effective
packing scheme in order to minimize main memory requirements and the time
required to transfer the nonzero elements from secondary storage devices to
the working space in main memory. The current matrix packing logic is similar
to that used in the original design of NASTRAN. However, substantial improve-
ments in the efficiency were made in Level 15, including the use of machine
language on the IBM versions. Level 16 will include further improvewments in
efficiency, including the use of assembly language on the Univac version. The
Level 16 matrix packing routines will use machine language on all machines and
will be 1-1/2 to 2 times faster than Level 15,

The matrices in NASTRAN are stored L'y columns, and each column constitutes
a logical record. The first nonzero term in the column is described by an
integer indicating its row position and the floating point number describing its
value. If the following term is also nonzero, only its value is stored, and
in general the position of only the first term in the series of nonzero terms
is stored. In order to improve the efficiency when working with strings of
nonzero terms, the number of nonzero terms in the string is stored along with
the row number of the first nonzero term in the string. An option is also pro-
vided tc include the row number of the last nonzero term in the string along
with the number of nonzero terms in the string. This option makes it possible
to perform the backward substitution operation for equation solution in a
moxe efficient manner.
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An important addition to the packing routines in Level 16 is a new non-
transmit option. In the case of a read operation, each call for this option
results in the return of the row number of the first nonzero term in the next
string and the number of terms in the string. In the case of a write operation,
each call returns the location of the next available space in the NASTRAN I/§
buffer and the number of spaces remainiung in the current buffer. The using
routines can then operate directly in the I/@ buffers, and ouly the time asso-
ciated with the initial call for each string is required for the packing opera-
tion. The time to access a term or store a term can be absorbed in the using
routine, as this operation is required, even when operatirg outside the buffer.

For strings of reasonable length, the time per term for the nontransmit
operation is very small and may well be ten or twenty times less than the
transmitting pack options. Tiis option is particularly effective when each
term in the buffer is used for a single operation, such as for direct transient
response or eigenvalue extraction using the inverse power method. where the
running times are dominated by equation solutiors with single right hand sides.
If the transmitting pack options are used in these cases, the running time is
dominated by the packing times, which in turn may be s.veral times the asso-
ciated arithmetic times. If the nontransmit oytion is used, the inner loops
will run at arithmetic speed, and the speed of operation with single right
hand sides will be several times faster.

MATRIX ASSCEMLLY

The comparison of the matrix assembly mes for various assembly procedures
is indicated in Figure .. The initial strai,at portion of the solid line
indicates a linear growth of matrix assembly time with problem size when the

complete stiffness mat:ix can be held in main memory. The curved portion of the

solid line indicates & rapid growth in matrix assembly time with problem size
when the stifriess macrix is ussembled from element stiffness matrices that
are stored on 2 sequential secondary storage device. The rapid growth in
matrix assembly t..ue for large problems was unacceptable for NASTRAN.

Since the largc watrices i» NASTRAN require the use of secondary storage
for assembly, and since only sequential access procedures were available during
the initial development period, thc regeneration procedure indicated by the
loig~dash--snort~dash line in Figure 1 was used. In this procedure the re-
quired partitiorns of the elcment stiffress n. rices are regeuerated at each
grid point as r.ceded. Comsequent’y, Y, :lupe ¢ thi: linc is proportional
to the number of grid poiuts coum - ted to 2acr ~§~. lement. As indicated
in Figure 1, this procedure will h. suvcaiior . the . age of element matrices

on sequential access devices tor large p-v i%r:. “ue ‘)cation of the cross-over

point will depead on the ratio of the tim> to »ew.~'e an element stiffness
matrix to the time required to retrieve t.. s.me inf.rmation from a sequential
storage device. A further degradation .r yunulny i; . cccurs if all of the
element generation routines cannot be “.ld .n m: .1 wemory at the same time.
This latter problem was not severe :uo *i.e earlie- releases of NASTRAN because
the element library was small and co.18t.? of relacively simple elements.
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The dashed line in Figure 1 indicates a linear growth in matrix assembly
time when the element stiffness matrices are retrieved from a direct access
secondary storage device. The slope of this line is proportional to the time
to generate the stiffness matrix for a single element plus the time required to
retrieve the element stiffness from a random access device. A new matrix assem-
bply module has been completed for Level 16 in which the element matrices ave
generated for each type of element and stored on a random access device. The
comrlete matrix is generated by assembling as many columns of the matrix as
possible in packed form in main memory, using random access methods to retrieve
the element matrices as needed. Since only a single element routine is neceded
< in main memory during the formation of the element matrices, there is no
. penalty for having a large finite element library.

The new matrix assembly module also provides for taking advantage of
identical finite elements in the model. In the case of identical elements,
the element generation routine generates only one matrix for euach group of
' identical elements. With random access assembly procedures, it is a routine
B operation to point to the single element matrix each time it is required for
&2 matrix assembly. This procedure substantially reduces the matrix generation
. time when there are large numbers of identical elements.

Test runs indicate that the central processor time for the actual matrix
assembly is about the same in Level 16 as in Level 15, even though the element
matrices are retrieved from a secondary storage device in Level 16. In other
& vords, the overhead for the matrix assembly operations in Level 16 is very

% small. The removal of the requirement to regenerate the element matrices at

g each connection will reduce the matrix generation time in proportion to the

@ number of connected grid points. The new matrix assembler is particularly

B important for the new, higher order elements where the number of connections

E are often greater, and the generation times for the element matrices are sub-

£ stantially greater than for the elements in Level 15.

MATRIX MULTIPLY-ADD

: The use of sparse matrix multiply-add routines v.as part of the original

¥ design of NASTRAN. Major improvements in efficiency were made in Level 15 with
the use of machine language inner loops and improved logic for Method 2. Level

} 16 includes a new Method 3 and improved logic for the transfer of the packed

matrix terms directly into the working area for Method 2. The details of the

multiply-add operations are given in the NASTRAN Theoretical Manual.

A The summary of multiply-add operations in Table 1 presents the overall
g picture of multiply-add efficiency in NASTRAN. Various corbinations of densi-
BB ties of the [A] and [B] matrices are presented for both the nontranspose and the
} transpose multiply-add options. In each case the most efficient multiply-add
B method is given for the particular combination of densities. The efficiency
i of the inner loop for multiply-add is always proportional to the length of the
b strings of the second operand. The total arithmetic time is always proportional
¥ to the dunsity of the matrix containing the first operand, except for the non-
¥ transpose option of Method2, for which the arithmetic time is proportional to
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the product of the densities of the two matrices. Although the matrix packing
operations contribute to the total execution time, these packing times are not
of primary consideration in the relative efficiency of the multiply-add methods.

For either the transpose or the nontranspose multiplv-add, the summary in
Table 1 indicates that, when [B] is dense, Method 1 will be selected regardless
of the density of [A]. In these cases, the arithmetic times are proportional
to the density of [A]. Since [B] is assumed full in Method 1, the multiply-add
loop operates at maximum efficiency. However, unless [B] is very dense, a large
number of unnecessary zero operations will be performed.

If [B] is sparse, Method 2 will always be selected in the nontransposc
case, regardless of the density of [A]. In this case the arithmetic time will
be proportional to the product of the densities of the [A] and [B] matrices.
The efficiency of the multiply-add loop will be proportional to the lengths of
the strings of the [A] matrix. The internal selection procedures assume that
the average length of the strings in the [A] matrix is proportional to the
density of the [A] matrix.

For the transpose case with [B] sparse and [A] sparse, Method 2 will
usually be selected. Alt ough the efficiency of the multiply-add loop will be
low due to the short strings (low density) in [A], the number of operations
will be proportional to the density of [A], and the total arithmetic time will
be relatively short. If there is sufficient main memory to perform Method 1 in
a single pass, the total time will be less than for Method 2 because of the
higher efficiency of the multiply-add loop. In neither case is any advantage
taken of the sparsity of the [B] matrix.

For the transpose case with [B] sparse and [A] dense, a new Method 3 is
the most efficient. In this method the [A] matrix is assumed full and the
multiply-add loop operates at maximum efficiency. However, unless [A] is
very dense, a large number of zero operations will be performed. The execution
time for Method 3 is proportional to the density of the [B] matrix, with no
advantage being taken of the density of the [A] matrix. A nontranspose option
is not provided for Method 3, as Method 2 handles ali cases of interest more
efficiently.

]

MATRIX DECOMPOSITION

The storage and indexing procedures used in NASTRAN for the new symmetric
decomposition routine will be discussed with reference to the matrix in Figure
2. Initial nonzero terms are indicated by X's with the 0's indicating nonzero
terms created as the decomposition proceeds. The shaded terms indicate the
relative locations for nonzero contributions to the upper triangular factor
when the first row of the matrix is the pivotal row. If there is sufficient
main st-~vage to hold all of the shaded terms, the decomposition may proceed
without the need for writing intermediate results on secondary storage. The
shaded terms in Figure 3 indicate the relative locations for nonzero contribu-
tions to the upper triangular factor when the second row is the pivotal row.
In this case not only are there more active cojumns, and therefore more main

12



oyt R T m v UYEIMEAR AR PR 4 - O

&

¥ storage is required, but one of the new active columns (column 8) is inserted
g in an intermediate location.

b The management of the working storage for triangular decomposition is

¥ indicated in Figure 4. The pivotal row and the associated active column vector
g are stored in a separate space. The active column vector contains the column
¥z number for each nonzero term in the pivotal row. The lower portion of the main
§ working storage is always used and the amount is proportional to the numter of
& active columns at each stage of the decomposition. The amount of storage

¥ required for each of the first six pivotal rows for the matrix shown in Figures
R 2 and 5 is indicated on Figure 4. The shaded area indicates the storage space
$ required for pivotal rows 1, 5 and 6, all of which have six active columns.

E At any particular stage of the decomposition, the previous contributions are

E accessed according to the number of active columns immediatly preceding the
pivotal row, and the results of the current calculations are stored according

j to the number of active columns in the pivotal row.

L R T R

— As the decomposition proceeds, the number of active columns can increase

g by any number up to the number of rows remaining in the matrix. However, if

B it is assumed that the number of active columns will never decrease by more

% than one for each new pivotal row, it is possible to store the current calcu-

B lations dynamically in the same array with previous calculations without inter-
g ference. This is equivalent to assuming that once a column becomes active it

f remains active until the column intersects the diagonal (column number = pivotal
¢ row number). This assumption will not cause errors in the calculations but
will result in the performance of a number of zero operations and will require
additional working space in main storage.

- e

The shaded part of Figure 5 indicates the nonzero terms in the upper tri-

| angular factor of a matrix where the original nonzero terms are indicated with
X's. It can be seen that columns 7, 9 and 13 are terminated at row 3, and
columns 11 and 14 are termirated at row 6. The new matrix decomposition routine
g in Level 16 provides for the termination of active columns by changing their

status from active to passive. Columns may also change their status from
passive to active as indicated in Figure 5 by column 9 at row 7, or column 11
§ at row 10. The provision for passive columns reduces the number of active
columns when row 4 is pivotal from 6 to 3, with an associated reduction in
main storage requirements and the number of arithmetic operations. The
complete details of the decomposition procedure will be given in the Level 16
NASTRAN Manuals.,

The storage management indicated in Figure 4 applies only when there is
sufficient working storage for all of the terms generated by the pivotal row.
When the number of active columns exceeds the capacity of working storage space,
an automatic spill logic is provided. The overhead for the new spill logic is
} substantially less than provided in the original matrix decomposition routine.

R Both the CPU cost and the number of secondary storage transfers have been
f substantially reduced. It should be possible to economically run large problems
f with about half as much main storage in Level 16.

_ In order to improve the efficiency of sparse matrix operation in NASTRAN,
the inner loops are usually written in assembly language. In general the use of
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assembly language will reduce the number of instructions and will allow for
more effective use of the high speed registers. In the case of the new decompo-
sition routine, three separate inner loops are provided. The differences in
the inner loops are associated with the need to combine the previously completec
results in the working storage space. Special provision is made when no pre-
viously calculated results need to be combined. This applies to the first row
of the matrix and for all rows immediately following the creation of passive
columns. Special provision is also made for the cise of consecutive active
columns. This option improves the efficiency of indexinz for band matrices and
when there are large numbers of active columns adjacent to the diagonal. The
third loop provides for the general case in which a test must be made inside
the loop for the existence of previously calculated terms.

The aim in the NASTRAN decomposition routine has been to provide a
general purpose routine which will operate efficiently for different orderings
of nonzero terms, including the cases of band matrices and partitioning or
substructuring types of matrix ordering. The NASTRAN decomposition routine
has been designed to take advantage of different sequences of nonzero terms
along with the use of an ordinary step-by-step elimination procedure. Test
runs with square frameworks of 2600 order have given improvements in running
time by factors of 2 to 4. It is easy to design problems which will show sub-
stantially greater improvements in efficiency, particularly if the new spill
logic is used with reduced main memory requirements or unusual sequences for
matrices are employed.

The familiar ordering for a band matrix of a square array is shown in
Figure 6. Figure 7 indicates the ordering of the same problem with partition-
ing. In this case, the square array has been divided into four partitions
with each of the partitions numbered first and the boundary points numbered
last. Figure 8 indicates the locations of the nonzero terms in the triangular
factor when the square array is ordered for partitioning. The X's indicate
the original nonzero terms and the 0's indicate nonzero terms created during
the decomposition operation. In the case of the band matrix, the number of
nonzero terms in the triangular factor is 129, whereas Figure 8 contains only
102 nonzero terms. Since the time for the forward/backward substitution opera-
tion is directly proportional to the number of nonzero terms in the triangular
factor, the time for the forward/backward substitution operation when the
squar. array is ordered for partitioning is only about 80% of that when the
array is ordered for a band. The number of multiplications for the decomposi-
tion when ordered for a band is 294, whereas the number indicated in Figure 8
is only 177. This indicates that the time for the decomposition when ordered
for partitioning is only about 60% of that when ordered for a band. This
example indicates the kinds of savings that are possible in decomposition and
equation solution, when the decomposition routine can locate the nonzero terms
in a triangular f.:cor in a routine fashion. Even greater savings are possible
when the partitions are not strongly connected.
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EQUATION SOLUTION

The forward/backward substitution operation for the new equation solution
routine in Level 16 is performed by holding as many columns of the right hand
side in main memory as possible. The forward and backward substitution opera-
tions are performed by reading the triangular factors from secondary storage
and performing the indicated arithmetic operations. These operations are per-
formed ir. place, and at the conclusion of the backward substitution operation
the solution vectors are stored in the same locations as the original right
hand sides. The nonzero terms of the triangular factors are located directly
in the I/@ buffers in strings, using the new nontransmit option of the matrix
packing routines.

The general procedure for the forward rass in equation solution is indi-
cated in Figure 9. The operation for each column begins by locating the first
nonzero string in the lower triangular factor. The nouzerc terms of the cur-
rent column of the lower triangular factor are indicated by the letter L in
Figure 9. Next, the associated term in the first column of the right hand
side is tested for zero. If the right hand side term is nonzero, the multiply-
add operations are performed for the string, and the results are stored in the
first column in the locations indicated by the number 1 in Figure 9. Similar
operations are performed for all columns on the right hand side having nonzero
entries in the row associated with the current column of the lower triangular
factor. The X's on Figure 9 indicate nonzero operations exist in columns 1,

2 and 5. The results for the second string of the current column in Figure 9
are stored in the lccations indicated by the number 2. The forward pass is
completed by performing similar operations for all columns in the lower trian-
gular factor.

The buck substitution operation is performed by reading the strings of
the triangular factor in reverse order. The general procedure for the backward
solution is indicated in Figure 10. The operation for each row of the upper Iy
factor begins by locating the last nonzero string in the current row, indicated f
by the letter U in Figure 10. The dot product of the string s made for each
column on the right nand side in turn, without testing for zero. The location
of the se:ond operand is indicated by the number 1 in Figure 10. The partial
solutions are accumulated in the current row of the right hand side, as indi-
cated by the X's in Figure 10. The backward pass continues by performing simi-
lar operations for all nonzero strings in the current row of the upper trian-
gular factor. The locations of the second operand for the next nonzero string
of the upper triangular factor are indicated by the number 2 in Figure 10.
When all of the dot products have been performed for the current row of the
upper triangular factor, the solution will be located in the positions indicated
by the X's. The backward solution is completed by performing the same opera- ;
tions for each row of the upper triangular factor. The final solution is then <
transferred to secondary storage. If additional right hand sides exist, the o
next group of columns can be transferred to main storage and a new forward pass .
started. !

It can be seen that the forward/backward substitution operation in Level
16 takes full advantage of the sparsity of the triangular factors. Also, all =
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terms in the triangular factors a:e located directly in the buffers, so full
advantage is taken of the str:ng 1otation and the nontransmit packing option.
Full advantage is also taker of the sparsity of the right hand side in the
forward pass. Test runs with the new equation solution routine show improve-
ments in running time by a factor of 10 over those used in Level 15.

FUTURE DEVELOPMENTS

One of the more important future hardware developments will be the avail-
ability of much faster arithmetic units. The improvements in speed will come
from the use of parallel processors and the use of vector processors. The
modular design of NASTRAN should make it possible to take advantage of these
new hardware developments by changing only the matrix operation routines. In
some cases, it may only be necessary to change tke inner loops in the matrix
operation routines. In any event, the basic packing routines and the string
notation should be useful with these new types of arithmetic units.

Another important hardware development will be the use of high capacity,
high speed, secondary storage devices. These high speed storage devices will
consist of such things as extended core storage devices and fixed head drums,
as well as high speed, high density disc storage devices. The organization of
the NASTRAN packing and I/@ routines lends itself to easy modification for use
with different types of secondary storage devices. A modification has already
been made for Level 16 to include the use of extended core storage devices on
CDC machines.

The organization of the NASTRAN I/@ routines and the use of working storage
and main memory adapt well to the use of paging devices, such as are used with
buffer memories and virtual memory machines. The NASTRAN matrix routines tend
to access blocks of information in main memory in a sequential manner. The net
result is, that even for large prublems, only a small amount of working space
needs to be resident in main memory at any one time. Furthermore, particularly
with the new Level 16 matrix routines, the number of transfers between main
storage and secondary storage have been substantially reduced, with a resulting
reduction in the work load for paging devices.

-

CONCLUSIONS

The following conclusions are drawn relative to improvements in NASTRAN
efficiency:

1. Most problems will run at least twice as fast on Level 16 as Level 15
due to improvements in times for matrix assembly, equation solution, deccumposi-
tion, and matrix packing.

-~ -

2. The use of multiple I/@ buffers in main memory along with the nontrans-
mit read and write options can make an individual functional module competitive
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with core held programs, because no transfers to secondary storage are made and
indexing is done directly into the working arrays.

3. The modular design of NASTRAN has made modification easy and should
continue to make it relatively easy to adapt NASTRAN to new hardware and im-
provements in the state of the art for matrix operations and data processing.
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Table 1.

Summary of MPYAD Operations

[Al[B] + [C] = [D]

S ———— < A 0 -

Matrix Density

MPYAD Method

Arithmetic Time

{A] [B] Strings Density
Sparse | Dense 1 (B} [A)
Dense Sparse 2 [A] [A] & [B]
Sparse | Sparse 2 [A) [A] & [B]
Dense Dense 1 [B] [A)

(A17[B] + [C] = [D)

Matrix Density

MPYAD Method
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(A] U
Sparse Dense 1
Dense Sparse 3
Sparse Sparse 2
Dense Dense 1

Arithmetic Time

Strings

(B)
(Al
[A)
[B]

Density

(A
(8]
[A)
[A)
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Figure 1.- Comparison of matrix assembly procedures.
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Figure 3.- Decomposition with second row as pivotal row.
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NASTRAN BUCKLING STUDY OF A LINEAR INDUCTION MOTOR REACTION RAIL

By Jerry G. Williams

NASA langley Research Center
Hampton, Virginia

ABSTRACT

NASTRAN was used to study problems associated with the installation of
a linear induction motor reaction rail test track at the Department of
Transportation High-8peed Ground Test Center near Pueblo, Colorado. Specific
problems studied include determination of the critical axial compressive
buckling stress and establishtment of the lateral stiffness of the reaction
rail under combined loads. NASTRAN results were compared with experimentally
obtained values and satisfactory agreement was obtained. The reaction rail was
found to buckle at an axial compressive stress of 78.6 MN/m2 (11 400 1b/in®).
The results of this investigation were used to select procedurss for installa-
tion of the reaction rail at the Pueblo test site.

INTRODUCTINN

Linear induction motor propulsion systems for high-speed ground trans-
portation vehicles are being tested by the U.S. Department of Transportation
at its ligh-Speed Ground Test Center near Pueblo, Colorado. One of these
vehicles, the Linear Induction Motor Research Vehicle (LIMRV) (see fig. 1), has
a linear induction motor approximately 3 m (10 feet) long which exerts axial
force against a vertical aluminum reaction rail supported by conventional
crossties of a railroad track (ref. 1). The reaction rail is a thin plate-
like member which is fusion welded into a continuous strip before clamping it
to the crossties. It experiences thermal loads because of ambient temperature
variations and localized axial loads which react the thrust of the linear
induction motor. The axial loads are small in comparison to the thermal loads
and are not considered in this study. In addition, lateral loads are imposed
on the reaction rail by the guide wheels of the linear induction motor. A
drawing showing the rail cross section and its attachment hardware is pre-
sented in figure 2.

The expected reaction rail temperature extremes at the test center range
from 239 K (-30° F) to 333 K (140° F), Since there are no expansion joints
in the reaction rail, normal atmospheric temperature variations cause the
Tail stresses to change as a function of the ambient temperature. For example,
if the rail is installed at 333 K, compressive stresses will not be developed
but the tensile stresses will be high at low temperatures. A stress-free
installation temperature T, between 239 K and 333 K subjects the rail to
compressive stress when the rail temperature exc2eds T, and tensile stress
when the temperature is lower than T,.
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Potential problems associated with compressive loading of the reaction
rail, including buckling znd reduced lateral stiffness, have been studied by

using NASTRAN and by laboratory experiments. A detailed description of experi-

mental procedures and results is presented in reference 2. [, special-purpose
finite-difference solution to the classical plate equalions with appropriate
boundary conditions was also formulated and these results are presented and
compared with selected NASTRAN results in reference 3. The current paper
presents additional results, provides details of the NASTRAN model, and makes
comparisons between NASTRAN and experimental results for the critical buckling
stress and the lateral displacement response of the rail under combined axial
and compressive loads. OSuggestions are also proposed for an improved reacticn
rail geometry.

NASTRAN MODEL

A drawing of the NASTRAN model used to represent the reaction rail is
presented in figure 3. A rail length of 5.56 m (219 inch) was selected for
study based on preliminary NASTRAN calculations whiech showed the critical
buckling stress for this length rail to be nearly independent of the boundary
conditions imposed on the rail ends. This insensitivity to end boundary con-
ditions is important since it implies that it is unnecessary to define the
exact boundary conditions imposed on the ends of a typical section selected
from the continuous iong-length test track. Geometric symmetry about the
specimen midlength permitted the problem to be represented analytically by a
model which included only hsalf of the specimen length. A rectangular network
of isotropic bending plus membrane quadrilateral plate elements (CQUAD2) was
used to represent both the vertical web and base flange components.

At any given axial station, the rail vertical web was represented by
seven plate elements and the base flange by four plate elements. Axially,
the half-rail wus represented by 34 plate elements. The center two base
flange elements had cross-sectional dimensions of 4.53 cm (1.785 in.) wide
and 1.0 cm (0.40 in.) thick while the two outer-base flange elements had
cross-sectional dimensions of 1.82 cm (0.715 in.) wide and 0.79 cm (0.312 in.)
thick. The vertical web voids were accounted for in the analysis by giving
the isotropic quadrilateral plate elements an equivalent bending stiffness
of 20.6 kN m (182 600 in-1b) which was calculated by treating the web as a
sandwich plate a:3 neglecting the separators between voids. This stiffness
representation was verified by comparing NASTRAN and experimental results
for the luteral displacement response of a 2.54 cm (1 in.) long section of
rail loaded by a L4S-N (100-1b) lateral force located at a height of 34.3 cm
(13.5 in.) measured from the rail base flange. NASTRAN results compared
favorably with experimenta). measurements as can be seen in figure L.

Clamped boundery conditions were imposed at the rail end while both
symnetry and antisymmetry conditions were considered at the rail midlength to
insure that the lowest buckling solution wes obtained. The restraint to
displacement imposed by clamps mounted to wooden crossties every 0.483 m
(19 in.) along the rail base flange was modeled analytically Ly a set of
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horizontal and vertical springs discretely located along the free edge of
base flange elements. Mathematical ill-conditioning was experienced under
certain c:aditions when the spring constarts were specified by a CEL S1 data
card. This problem was overcome by representing the spring constants by CROD
data cards in which a urit area rod had the required axisl stiffness and zero
torsional stiffness. The horizontal and vertical spring conztant magnitudes
were determined experimentally for the laboratory setup to be 12.6 and

75.3 MN/m per clamp (72 000 and 430 000 1b/in. per clamp), respectively.
Details of the technique used to measure these properties are reported in
reference 2. For comparison, calculations were also made assuming the clamps
to be fully restrained.

Axial stress was thermally introduced into the NASTRAN model as a result
of restraining the rail ends against axial displacement and introducing a near
isothermal temperature increase. Laterel loading was introduced by applying
a concentrated load at the model midlength and 15.2 em (6 in.) below the top
edge of the rail, Calculations were made with NASTRAN level 15 version.
Buckling solutions were obtained by use of the inverse power method of eigen-
value extraction (rigid format 5) and lateral stiffness calculations were
made by use of the differential stiffness capability (rigid format 4).

As a check on modeling and problem formulation, the axially loaded
classical plate-buckling problem in which the two vertical ends and the lower
edge are clamped and the upper edge is free was solved using NASTRAN. The
rlate size and model characteristics, except for the difference in lower
edge boundary and absence of the base flange, were identical to those for the
rail problem. The NASTRAN finite-element solution showed almost exact agree-
ment with the known solution (ref. 4). This agreement gave confidence that
the mudel was well formulated and that grid-point spacing was sufficiently
refined.

Typical Langley Research Center costs to compute the critical buckling
stress for the reaction rail model which had approximately 2000 degrees of
freedom using a CDC 6600 computer was $325. This cost included approximately
1700 CPU seconds and 28000 0/S calls and was run at a field length of 155 000g.
Tateral stiffness calculations cost approximately $220 and included approxi-
mately 1250 CPU seconds and 18000 0/S calls.

EXPERIMENT

The laboratory test setup involved clamping a 5.56-m (219-in.) length of
reaction rail to the center line of wooden crossties spaced every 0.483 m
(19 in.) in a fashion representative of the field installation method. This
length included a 13-cm (5-in.) section at each end of the rail between the
last base flange clamp and the end fixture. Clamped boundary conditions were
imposed at the rail ends. Rail crossties and clamp hardware were taken from
stock used in the Pueblo field installation. Axial compressive stress in
the rail was developed by restraining the ends against axial displacement and
neating the rail in a near isothermal manner using radiant heater panels.
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Thermocouples were used to measure the rail temperature, strain gages were
used to determine stresses, and linear voltage differential transducers (LVDT)
were used to measure lateral displacements. 4he electronic output was
recorded automatically and stored on magnetic tape for later reduction. A
detailed description of the test technique is reported in reference 2 and a
photograph of the laboratory setup is presented in figure 5.

Buckling and lateral stiffness experiments were conducted on each of two
reaction rail specim@ns. Prior to each test, the rail was surveyed and,
when necessary, shims were used to obtain the desired conditions of straight-
ness. A brief description of these two experiments is presented below.

Buckling of a "Well-Alined" Rail

In this test the specimen was heated to induce axiel compressive stress
until large lateral deformations were observed. The term "well-alined" indi-
cates a specimen which was installed as nearly straight on the test bed as was
practical. Typically, the upper edge and base flange were laterally alined
within #0.38 mm (20.015 in.) and #0.13 mm {#0.005 in.), respectively, of a
straight line drawn through the end points of the rail. This arrangement is
considerably better than that normally achieved in the field. The purpose of
this experiment was to define the rail bduckling stress and mode shape and to
determine whether large lateral deformations are elastic.

Lateral Stiffness Test

This test involved epplying a lateral point load at the rail midlength
and 15.2 cm (6 in.) below the top edge in combination with selected magnitudes
of axial stress. The purpose of this experiment was to determine the lateral
stiffness of the rail as a function of the applied axial compressive stress.
Lateral stiffness as used in this report is defined as the rstio of the lateral
point load to the lateral displacement at the point of application of the load.

RESULTS

Buckling

Theoretical and experimental Luckling results for a "well-alined" rail
are presented in table I. Two NASTRAN solutions are presented, onz in which
the base flange clamps were spring supported and the other in which the base
flange clamps were fully restrained (displacements and rotations set equal
to zero). The critical buckling stress for the case in which the flange clamps
were spring supported is 86.2 MN/m? (12 5000 1b/i2°) which is approximately
T percent lower than the solution in which the bese flange clamps were fully
restrained. In uLoth cases the lowest buckling stress was obteired with
symmetry boundary conditions imposed at the specimen midlength.
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:w earlier, later- stiffness is defined as the ratio of the lateral point load
§ to the latera. deflection produced at the point of application of the load.

| specimen and 15.2 em (6 in.) below the rail upper edge. The vertical location

B loads of up to 7560 newtons (1700 1b) were applied and lateral displacements
o as great as 1.9 cm (0.75 in.) vere experienced. In all cases the rail

j elastically veascted the loads and retwrned to its original configuration upon
l release of the load.

The experimentally obtained critical buckling stress was 78.6 MN/m2
(11 400 1b/in?) which is 9 percent lower than ‘he NASTRAN spring-supported
clamp solution. The experimental value corresponds to a rail temperature rise
of 49.1 K (88.4° F) from a stress-free state.

The classical buckling solution of a rectangular plate with properties
identical to the rail vertical web which is clamped on the ends and free on

§ the top edge is 37.0 MN/m? (5400 1b/in®) for the lower edge continuously

simply supported and 111.4 MN/m@ (16 200 1b/in2) for the lower edge continu-
ously clamped (ref. 2). These two extremes in boundary conditions bracket the
base flange support conditions and the reaction-rail base flange/clamp-support
system results fall approximately midway between the results for the continu-

g ous simple support and clemped conditions.

A comparison of NASTRAN and experimental results for the buckling lateral

¢ displacement of a line 2.5k cm (1 in.) below the rail upper edge is presented

in figure 6. The axial distance from the center line is normalized by the
rail height (0.533 m (21 in.)) and lateral displacements are normalized by thre
maximum displacement magnitude (which occurs at the top edge and center of

the rail). The experimental mode shape is not symmetric about the center

? 1line, but is biased to the right. This irregularit) may have been caused by

variations in base flange support conditions. Both NASTRAN and experimental
results exhibit a buckling mode shape of five half-waves for the 5.56 m

g (219~in.) long specimen. The midspan half-wave length given by both NASTRAN
B and the experiment was approximately 1 m (39.4 in.). A photograph of the
buckled rail is presented in figure 7.

Lateral Stiffness

The normel operating clearance between the linear induction mc*or and the
reaction rail is only 2.22 cm (0.875 in.) which sets an upper limit on the

§ permissible peak-to-peak amplitude of lateral dispiacements. The lateral

stiffness of the reaction rail is important not only to static load cousider-
ation but also to the dynamic performance of the LIMRV., Although this study
addresses only the static behavior of the reaction rail, rail properties
necessary for conducting a dynamic analysis were obtained. As indicated

The point lateral load in this study was located at the center of the

o A 2

vas selected to coincide with a positicn half-way between the upper and lower
guidance wheels at one end c¢f the linear induction motor. Experimentally,

A

The variation in latersl spring constant with axial compressive stress

j is presented in figure 8. The experimental results show a lateral spring

constant of 820 kN/m (4680 1b/in.) at zero stress which decreases nearly
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linearly to a value of 350 kI"/m (2000 1b/in.) at an axial compressive stress
of Th.5 MV/m? (10 800 1b/in<). The HASTRAN solution in which the base flange
clamps were fully restrained is only slightly lower th«sn the cxperimental
result (e.g., by only 5 percent for zero axial stress). The effect of
representing the clamps by horizontal and vertical springs is to reduce the
lateral stiffness by approximately 6 percent over the fully restrained

condition.

The lateral dlsplaceme 't of the vertical portion of the rail corresponding
to 35.6 MN/m@ (5160 1b/in) axial stress and a lateral load of LLL8 N (1000 1h)
obtained using NASTRAN is presented in the displacement contour plot of fig-
ure 9. Displacements have been normalized with respect to the maximum ampl?-
tude which has been scaled to a value of 100, The maximum amplitude is
approximately 1.1L em (0.45 in.) and occurs at the midlength snd upper edge
of the rail. 1In this NASTRAN solution, the clam_ =~ were modeled as horizontal

and vertical springs.

In addition to reducing the rail lateral stiffness, axial compressive
stress also affects the lateral displacement field of a laterally loaded rail.
This effect is shown in figure 10 in which the lateral displacements of a
line located 2.54 cm {1 in.) below the upper edge are plotted for three
magnitudes of axial stress in combination with a lateral load of LL4T N
(1000 1b). An increase in the applied axial stress causes an increase in
the maximum displacement amplitude and a decrease in the midspan effective
wvave length. As the axial compressive stress apprcaches the buckling stress,
the combined load results in a distorted five half-wave buckled mode shape
biased in the direction of the applied lateral load. NASTRAN and experimental
results are in good agreement for an axial stress of zero and 35.6 MN/me
(5160 1b/in? ; Experimental results are not available for an axial stress
of T1.2 MN/m® (10 300 1b/in€) since LLLB N (1000 1b) leteral load in combina-
tion witn this axial load would have resulted in unacceptably large lateral
displacements. Lover magnitudes of lateral load for this axial stress, how-
ever, did establish the distorted five half-wave pattern indicated by the

NASTRAN soluticn.

Improved Rail Design e

A parametric study was nade to determine the increase in the critical
buckling stress resulting from an increase in the bending stiffness of the
lover portion of the rail vertical web, The portion considered was the lower
one-seventh of the vertical web (7.62 cm (3 in.) measured from the vertical
web/base flange intersection). Results of this study are presented in
figure 11 vhere the reference bending stiffness and the reference criticul
buckling stress are those of the previously described model.

A 25-percent increase in the critical buckling stress is obiained by

increasing the bending stiffness by a factor of 8. This increase can be
accomplished for the subject rail by taking the same cross-sectional area and
increasing the total thickness of the lower portion of the vertical web to a
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aimension cf approximately 5.9 em (2.2 ir.). This approach ..ay have merit in
the geometric design of future reaction rails which react to compressive
loading subjiect, of course, to geometric constraints imposed by the linear
induction motor.

CONCLUDING REMARKS !

Satisfactory agreement was achieved betweer NASTRAN and experimental
results for the buckling load, buckling mode shnipc, latera) displacemernt
response to a point lateral Jload, and latera® stiffrness of the reaction rail
as 1 function of axial load. Parametric studies of the stiffness of the
lower portien «f the reaction rail indicate substantial improvements can be
obtained in the critical buckling stress by increasing the lower portion
bendiny stiffness.

The results cf this investigation show that substantial axial compressive
loads can be carried by the LIMRV reaction rail without buckling. Furthermore,
iateral deformations up to 1.9 em (0.75 in.) are elastic and disappear upon
release cf the imposed loads. The latter result means that even if the
reaction rail is installed at o stress-free temperature which is later
exceeded by sufficient magnitude to cause buckling, the event is not cata-
strophic if test operations are suspended for this interim period.

Based on these resultz, the r=commendation was given the Department of
Transportation that the LIMRV reaction rail test track be install:zd at a
stress-free temperature of around 297 K (75° F). The predicted buckling
temperature, hased on a 78.6-MN/m2 (11 L00O-1b/in®) buckling stress, would then
be 343 K (163° F) which is higrer than the rail enn experience through solar
neating at the test center. This recummendatic. was adopted by the Department
of Transpor~tation in the fall of 1972 in the installation of the Pueblo test
track. Successful operation of the LIMRV has been in progress since that
time with no problems encountered with the reaction rail.
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—— NASTRAN
2 EXPERIMENTAL
45
40 |-
DISTANCE 35}
FROM 444.8N ¢
BASE FLANGE, X[ (100 1b)
cm 25 f
4.3 cm
0 (13.5 in)
15 ..L#,,,;,
10
5

07.25.50 .751.001.251.501.752.002.252.50
LATERAL DISPLACEMENT, cm

Figure 4. Lateral displacement of 2.54 cm (1 in.) long rail section due
to 4Lh.8N (100 1b) lateral load applied 34.3 cm (13.5 in.) above the
base flange.
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FINITE ELEMENT
STRESS ANALYSIS OF POLYMERS

AT HIGH STRAINS

by Michel Durand and Etienne Jankovich

KLEBER COLOMBES, Theoretical Tire Engineering,
COLOMBES, France

SUMM*RY

A numerical analysis is presented fur the problem of a flat rectangular
rubber membrane with a circular rigid inclusion undergoing high strains due
to the actinn of an axial 1load. The neo-hookean constitutive equation~ are in-
troduced into the general purpose TITUS program by means of equivalent nookean
constants and initial strains. The convergence is achieved after a fuw itera-
tions. Yhe method is not limited to any specific progrem. The results are in
good agreemant with those of a Company sponsored photoelastic stress anclysis
The theoretical and experimental deformed shapes also agree very closely with
one another. For high strains it is dsmonstrated that using the conventionasl
HOOKE law the stress concentration factor ottained is unreliable in the case
of rubberlike mataerial,

INTRODUCTION

The structure of & radial motor vehicle tire is made up of two types of
components namely the reinforcing cords and the rubber. The most immediate
problem 1. tire 3tress analysis is that of the large displacements in the in-
flateu tire descrived in a previous paper (Referunce 1). It appears that the
mora important components are the reinforcing cords allowing the tire to take
a stable inflated shape. This particulsr problem can row be considered sas
solved.

However, in order to sclve the complete problem, the rubber’s behavior
must slsn be adequatly analyzed Ly means of an as econcmical as possible modi-
fication of exiztiing programs. Up until now, this vaery challenging problem of
non linear material behavir and incompressibility has only been solved in a
few special cases (Reference 2).

The aim of the present work is to sirass analyze the rubber parts of the tire
by using NASTRAN and TITUS. A test specimen encompassing a rigid inclusion is

49



caleulated in uniaxial oxtension and the results are compared with Lthose of

pholovlasticily., The nxperimentol evidence shows tho limits of validity of
Lthese methods now available to the designer.
SYMBOLS

{k] Stiffness matrix, Nm

(B. Matrix relating strain to nodal displacements, mm/mm

A Surface of the membrane element, m<

(D) Constitutive law in matrix form, Nm~2

G Stress, Nm~2

€ Strain, mm/mm

€, Initial strain, mm/mm

v POISSON's ratioc, (no units)

W Clastic potential per unit volume of the unstrained body, Nm—2

Cq and C2 Constants of MOONEY, Nm-2

I3 Strain invariants, i = 1,2 and 3, (no units)

(E) Neo-hookean constitutive law of a membrane in matrix form, Nm™2

qg, Initial hydrostatic stress of a rubber membrane, Nm-2

u Displacement, m ,
0y ard T Principal stresses in the middle plane of the membrane, Nm~2
e Radius of curvature of the transverse isostatic, m

S Curvilinear abscissa, m r
qg, Normal stress tangent to the edge of the disc, Nm™2

C Photomlastic iaterial constant, N~ 1ml

a Radius of the disc, m

Subscripts:

T transposed

t true

¥ coordinate perpendicular tn the loal axis centered (n the middle of

the inclusion :
y coordinate along the load axis centered in the middle of the inclu-
sion
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&
GENERAL APPROACH
HOOKE'S LAW
The elementary tests carried out show that for the material under consi-
deration HOOKE's law applies in relating true stress & to strain even in the
35 % mm/mm range. Thus, it may be assumed tentatively that the non linearity
of the rubber's constitutive law is only the result of the large displacements
experienced by the rubber.
Stiffness matrix
The stiffness matrix of the membrane plate element used can be written
(Reference 3)
(k) = (B x (D) x (B x A x d
d Thickness, m
A Surface of the membrane element, ml
(8) Matrix relating strain to displacement, mm/mm
(D) Constitutive law, Nm=2
As a result of the incompressibility condition A d = const. The accuracy
of the forces and the displacements depends on the accuracy of the terms B and
D.
Definition of D _é
&) |
1 x ",
g} = [D] €y b - zE'o N
f.,y ,
Experimentally the uniaxial law is =%
J'li»;r;-e,
O't = Eg where E is YOUNG's modulus i;
As a result ¢ must be replaced by O't in the equations, The only remain- +
ing term that has to be calculated in the course of the extension of the spe- P
cimen is B. Thus, this problem would seem to be identical to that of the large »
displacement problem.
» The true stress is computed per unit section area of the deformed body
whereas the conventional stress is computed per unit section arees cf thg
undeformed body.
.
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In the case of rubber, however, it is well known that there is an addi-
tional, pressure type, term “p" in the constitutive equation. To eliminate
"p", renrnscnied by - (D) {€,. above, an additional equation in terms of dis-
placements must be written for each element. NASTRAN with its scalar slement
can handle such an equation. The resulting data input problem is however very
cumbersome. Thus, this solution may be uneconomical for every day use.

In order to demonsirate the existence of "p" a large displacement calcu-
lation was carried out with &€,= 0 and Y= .5. The largest transverse dis-
placement alang the x-axis passing through the middle of the inclusion was
13 % in error relative to the experimental values. This error was much larger
than the one obtained by means of the theary developed below.

MOONLY-RIVLIN CONSTITUTIVE LAW

The most common type of rubber material behavior equation is that of
Mooney-Rivlin (Reference 4). Considering that W is the elastic potentiil mea-
sured per unit volume of the unstrained body the postulated function is

= n - 1 -
W=, (11 . G (12 3)

Ii are the strain invariants (i = 1,2)

C,. C, are the constants postulated by Mooney.

1!

The theory of plane stress of very thin membranes applics to the rubber
specimen considered here. The deformations are symmetric about the middle
plane of the body and are essentially uniform throughuut thc thickness. The
pressure type component "p" is eliminated because in the present problem the
normal stress perpendicular to the specimen's surface is zero. Large displace-
ment equations are used in the B matrix.

The equations obtained are: {0} = {(E) {&} + {0}

0 are defined at points in the deformed body, but are measured per unit

area of the undeformed body.
The £ and ¢, are functions of not only C, and C2 but also of Exxs Eyy and Ey.
The matrix € is positive definite in the strain range considered.

In uniaxial extension the above egquations in terms of true stresses must be
identical to the well known equation (Reference 5) :

al -2 (C +C—‘) ()\ --';»-\ L where ¥ = .5
t 1 " A- 1 -yp?
4 "j bV
and A"= b+ 611
This happens only if C; is zero and the de” -mations are limited in size. Surh

a material is called nec-hookean. The constant C4 is determined by means of
the latter equations in an uniaxial elemuntary extensior test. C1-.71 MN m™<,
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The solution of the equations is carried out by using an equivalent se-
cant modulus method. The full load is applied in this trial and error approach.
The first solution is obtained by the hookean constitutive low where g is set
al. 7oru.

NASTRAN AND TITUS ANALYSIS

The program of J.T.0den, OK1, (Reference €), is designed for analyzing
rubberlike material. Thus it came under considsration first, but it can only
analyze plane strain plates whereas our problem is a plane stress problem # .

The solutions obtained by the TITUS and NASTRAN programs have been compa-
red at the first iteration. TITUS uses isocparametric quadrilateral membrane
elements while NASTRAN has constant stress CQDMEM elements. The stizsses differ
only by 2 %. Howsver the difference between the displacements of : ASTRAN as
compared to those of TITUS was 4 %. The results of NASTRAN were much further
away from the experimental ones than those of TITUS. In this particular case
the CPU computation time was 50 s for TITUS and 84 s for NASTRAN using UNIVAC
1108 (EXEC 8).

MODIFICATION OF TITUS

The TITUS program was developed in France by CITRA now called SPIEBATI-
GNOLLES Inc. Because of the proximity of the development team it was easy to
modify the program. By means of a minor modification it is possible to calcu-
late the modulus E and G, internally elementwise at each iteration with the
help of C4 and the strains.

The test of convergence was carried out by comparing the arithmetic mean
of the displacements cbtained at esach iteration. At lower loads (9.8 - 13.6 N)
the convergence was achieved after about six itaretions whereas at 29.4 N ten
iterations were needed. In the first case the computation time was 84 s CPU
on UNIVAC 1108 (Exec 8).

MODELING OF THE PLATE

The finite wlewment idsalizaticn of the membrane encompasses 107 nodal
points and 84 quadrilateral elements. In order that the theoretical solution
and expserimental results could be satisfactorily compared, the three loading

% In linear slasticity plane strain and plane stress problems are conjugate.
This is not the case, however, for rubbarlike materials.
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conditions were given in terms uf displacements at the end of the specimen.
ihe modeling of the membrane is shown in Fig. 1.

Boundary condftions

Case 1 Case 2 Case 3
Upper line Uy = 3.45 mm Uy = 6.613 mm uy = 11.79 mm
ux = 0 ux = 0 ux = 0
Around inclusion u =20 u =20 u =10
y y y
u =0 u =0 u =20
X X
Along Y-Axis u =20 u =0 u =0
X X X
Along X-Axis u =0 u =10 u =0
y Y y

Since the loading and the deformations are assumed to be symmetrical, only
one-quarter of the plate needed to be considered.

EXPERIMENTAL WORK

TEST SPECIMEN

The model test specimen is a rectangular coupon cut out of a polyurethane
plate furnished by PHOTOLASTIC iInc. The coupon is tran r-rent and isotropic e
when not loaded. A circular hole is cut out of its centes and is fillasc 'n
with araldite which is reinforced with glass beads at & ratio of 100 . Tne
stresses due to tha contraction of the disc during polymerisation have bean
observed by means of crossed polarisors and have been eliminatzd by an applicd
compression load in order to keep the neutral state of stress in the specime:.
The disc is much stiffer than the rest uf the coupon and there is perfect ad-
hesion between them. The grips are glued on to the ends of the rectangle. The
only load applied is a vertical load along the speciman’s axis and it is mea-
sured by means of strain gages. Viscoelastic gffects ars suppressed by load-
ing up gradually.

The dimensions of the specimen are 117 mm x 42 mm x 1.02 mm and the dia-
meter of the disc is 14 mm.
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Using a transmisslon polariscope, the isoclines are determined with the
help of in-plane polariced white light and the 1sochgomes with the help of mo-
nochromatic circularly polarized light (DNa = 5690 A).

The isostatics are obtained from the isoclines using graphical means.

PHOTOELASTIC STRESS ANALYSIS

In rubber the lightwave path difference is proportional to the difference
. of the principal stresses 09 - U, and also proportional to the instantaneous
. thickness of the specimen (Reference 7)

$5 =Ce (CI1 - CE]

b, The material constant C is determined by a uniaxial elementary tension test.
¥ The value obtained is

C = 3.21 + 0.03 m2 daN~"1

The principal stresses along the vartical and horizontal symmetry axes are de-
termined by integrating graphically the equation of Lamé& and Maxwell (Refersnce
8)

g, -0, Ja;
0-‘ - Gl 30’, - o
eq_ * Esl e

f5} where p is the radius of curvature of the transverse isostatic and s 1s the
IR curvilinear abscissa at a given point. The subscripts 1 and 2 refer tc the
% two familiss of isostatics.

The starting point of the integration along the x-axis is taken at the

mf{; edge of the specimen where the stress 0, is zero.

For the integration along the vertical axis the poin of reference for the

*”ﬁ; integration is tekern in the region of uniform streas betwe.n the grips and the

disc where 02 is zero. Along the edge of the disc the stresses 04 and Q'; are
obtained using ths normal stress T, tangent to the disc and they vary as fol-
lows:

3 G, 30-,'
2 i L
and g =09 +(0-09) sin?q i

'f where o is the sngle between the direction of @ and the isostatic O 4. "

The value of Ty 1is a function of the accuracy nf the measurement of the

B isoclines. As the experimental determination of the iatter is relatively inaccu-

rate, in particular at the top of the disc, the accumulated errors mesy be quite
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ing from the horizontal axis, the values of a9

large. For this reason, start
% greater than the ones obtained starting form the

and o, at the top are 1%
other axis.

DISCUSSION OF THE EXPERIMENTAL AND THEORETICAL RESULTS

DEFORMED SHAPE

oy

The theoretical and experimental results obtained for the defurmed shape
are in excellent agreement as shown (Figs., 2-4). By different experimental me-
thods the overall transverse displacements at the horizortzl symmetry line have

been determined as follows:

LOADING EXPERIMENT TITUS
Uy Uy
(mm) (mm)

B % - 0.4 + 0.05 - 0.434
1.5 % - 0.75 + 0.05 - 0.806
20.5 % - 1.4 + 0.05 - 1.44

ISOSTATICS

The theoretical and experimental results showing the distribution of the
isostatics over the surface of the rubber coupon are plotted in Fig.5. On the
left side are shown the calculated principal stresses and on the right side
the envelopes of the co~responding experimental principal stresses. Taking into
account the fact that the theoretical results ore relative to the undeformed
surface of the specimen, the agreement is again excellent. The following table
shows the values of the applied longitudinal force.

LOADING EXPERIMENT TITUS
Force Force
(N) (N)
6 % 8.8 + 0.2 10.6
11.5 % 19.8 + 0.4 18.4
20.5 % 29.4 + 0.6 28.2 ’

The mesh used in modeling the ends of the specimen was very coarse, the prin-
cipal aim being to demonstrate the behavior of an inclusion imbedded in a rubbe
matrix. Thus, the error obtained is accordingly larger in this region.
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ISOCHROMES

The oxpurimental stress dlstribution over tho surtace of the spocbnens
has been established by meoans of the isochromes. No quantitative comporison 1o
shown herc as the numerical results are relative to tho undeformed shape and
are in terms of the conwventional stresses, (Fig. 6-8). The autcomatic plotting
of the required true stress isochromes is being developed at the present time.

However, the shape of the isochromes shown agrees qualitatively with the
experimental ones. As demonstrated below the numerically obtained longitudinal
true stress concentration factor is very accurate. Thus it can be conjectured
that the agreement must be also gquantitative.

PRINCIPAL MEMBRANE STRESSES

In Fig. 9 the true principal membrane stresses together with the experi-
mental ones are shown. The shape of the two families of curves obtained are
identical. However there is a vertical shift of the theoretical ones relative
to the experimental ones. The difference is quite small and remains within the
limits of the accuracy of the experiment. It must be noted that at the top of
the inclusion, on the y-axis, the experimental results differ according to
whether the point is approached from the right or the left. The mean of the
two values is located very near to the theoretical point.

At the interssction of the x-axis with the contour of the inclusion two
nearly identical compression stresses are obtained experimentally. This re-
sult agrees with those obtained by theoretical consideration in reference 9.
The numerical calculation gives two stresses of oppcsite sign, however. This
is explained by the fact that the stresses are calculated at the center of
gravity of the elsment. In this region C of Fig. 10, the stress gradient is
very large. Thus, even though the 0'1 stress is positive at —-— 1.07, the cal-
culation point, it is negative at—- = 1. that is at the experimental recording
point. Taking these facts into account the agrsement between the finite ele-
ment results and those of the experiment is very good.

STRESS CONCENTRATION FACTOR

Ihe stress cuncentration of the longitudinal principal stress along the
y-axis is plotted in Fig. 10. The maximum stress concentration factors are

Experiment 1.28
Finite element results 1.39
Linear classical elasticity 1.54

The agreement between the experiment and the numerical results is excel-
lent. It can be concluded further that the linrar elasticity gives unreliable
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stress values in the case of rubber for strains reaching 18 % or more.

CONCLUSION

The close agreement obtained between theoretical and experimental results
demonstrates the validity of the large displacement equations, and of the neo-
hookean constitutive law used in the modified TITUS program. However, the use
of the derived method is not limited to any specific program. After some minor
modifications any geometricually nonlinear finilte elemunt program may ba ap-
plied to the analysis of rubber at relatively high strain.

The importance of using the proposed theory instead of the conventional
HOOKE typs formulation to design rubber parts is made evident by the fact
that, using the conventional theory, the stress concentration factor of the in-
clusion obtained has an srror of about 20 %.
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Figure 2. ~ Finite Element Solution and Experimental Deformed Shape
Load = 19.6 Newtons.
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on the Undefurmed Shape
(TITUS)

Figure 5. - Conventional Principal Stresses and Experimental Isostatics.

Load = 19.6 Newtons.
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TITUS Solution Expariment
Difference of the Isochromes - Difference of the
Conventional Principal True Principal
Membrane Stresses Membrane Stresses
in the Undeformed Body in the Deformed Body

Figure 6. - Isochromes - Numerical Results and Expsriment.
Load = 5,81 Newtlons.
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TITUS Solution Expsriment
Oiffersnce of the Isochromes - Difference of the

Convantional Principal True Principal
Memorane Stresses Membrans Strasses
in the Undeformad Body in the Deformed Body

Figure 7. - Isochromes - Numerical Results ang Experiment.
Load = 19,6 Newtons.
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Figure 8. - Isochromes - Numerical Results and Experiment.
Load = 28,4 Naewtons.
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NASTRAN STATIC AND BUCKLING ANALYSIS -
COMPARISON WITH OTHER LARGE-CAPACITY PROGRAMS

by Lalit C. Shah
Rockwcll International
B-1 Division
Los Angeles, California

SUMMARY

A squarc plate with clamped edges under a concentrated load was modeled
using NASTRAN (refesence 1) and ASKA (reference 2) finite element computer
programs. Deflections were computed for various width-to-thickness ratios

(b/t) of the plate element, and were compared against the classical theory to
determine the b/t limitations.

A cylinder with simply supported ends was modeled using NASTRAN and
STAGS (reference 3) computer programs for buckling analysis. The models -.ere
subjected to a uniform radial pressure loading. Several parameters were
changed, and the effects of those variations are presented. Utilizing these
data, a model which will produce results comparable to published empirical
data can be constructed and processed for a minimized cost.

STATIC ANALYSIS

The user nf finite element computer programs has numerous limitations to
be considered when constructing a mathematical model of the structure to be
analyzed. Although considerable information is available concerning the plate
element aspect ratio (a/b) (i.e., length-to-width ratio), the effect of vary-
ing the width-to-thickness ratio (b/t) has not previously been presented.

The effect of varying the plate element b/t ratio was investigated for the
NASTRAN and ASKA finite element computcr progrants.

This investigation utilized a square plate with clamped edges. Two ele-
ments, CTRIAZ and CQUADZ, available in NASTRAN, were used in two separate
models. One triwungle-plate element, TRIB3, available in ASKA, was used in
the third model. These models, shown in Figure 1, were 152.4 cm (60 inches)
square plates with varied thickness to achieve the b/t ratio desired. The
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basic model mesh size was selected based upon previous experience. One model
with mesh size reduced by a factor of 2 was processed, and the results wcre
compared to verify that the basic model mesh size was valid.

One loading, which consisted of a concencrated load applied in the geo-
metric center normal to the plate, was selected due to its ideal checks for
the bending characteristics of any plate element. This loading was applied to
cach model processed.

y The results of the two NASTRAN models and the ASKA model are surmarized

‘ in table I. The resulting computed deflections for the three models are tabu-
iated for the various b/t ratios investigated. Included in this tablc are the

' theoretical deflections based upon classical equations (reference 4). These

deflection data are presented graphically in figures 2 through 4. The plot of

the percentage difference between computed deflection and theoretical deflection

is shown in figure 5 for the three models investigated. The two NASTRAN plate

elements, CIRIAZ and CQUAD2, break down in regions of b/t less than five. The

ASKA element, TRIB3, is quite consistent, even for extremely low values of b/t.

It is apparent that a limitation on the value of b/t exists for the NASTRAN

R o} L T VR

.

i plate elements. This limitation should be considered along with the aspect
by ratio (a/b) limitations when constructing a model for the NASTRAN computer
program.

BUCKLING ANALYSIS

Buckling analysis is an eigenvalue problem which may result in very high
computer processing costs to achieve a valid solution. This report presents
an investigation into the various modeling parameters that affect the solution
and the computer cost. The results of this study reveal an approach to achiev-
ing a valid solution for minimized computer cost.

E,*;j‘ This investigation ccnsidered a cylinder under uniform radial pressure -
Lo loading. According to Donnell's equation, under uniform radial pressure, the
Wl buckling stress of the cylinder is:

R T T PN

.
0
s ES

—
0N

K n'E 2
Yy [y
cr © 2 (ED

12(1-v7)

For moderately long cylinders, this equation gives quite good correlation with
test data (reference 5), For this investigation, a data point was selected
where the test result and the preceding equation value practically coincide.
This cylinder model is shown in figure 6. The cylinder was modeled for
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- B¢ were processed on {DC 6600 computer system. The resulting machine time data
} are presented in tables iV and V. This information is converted to machine

NASTRAN, a finite element computer program, and for STAGS, a finite diffcrence
computer program. Essentizlly, the same parameters werc varied for both models
in determining effects upon the solution validity and the computer costs.

The results of the NASTRAN and STAGS models are presented in tables |l
and III, respectively. These data are presented in figurcs 7 through 9.
Appendix A contains the mode shapes for all the models studied in this
investigation.

A significant parameter in modeling for either NASTRAN or STAGS is the
circumferential spacing of grid points which determine the number of elements
per half wave-length. As indicated in figure 7, an extremcly narrow range of
circumferential spacing may be considered in modeling in order for NASTRAN

"”5: buckling analysis to achieve valid results. The NAGTRAN model that is very

fine is equally as erroneous as a model that is very coarse. These models
- that are outside this narrow band of acceptable circumferential spacing pro-
Jduced results that deviated from the theoretical value by up to 70 percent.

3 The improper selection of the circumferential spacing for the STAGS program

p can result in extremely high errors, over 3,000 percent, as shown in figure 7.

E The results from the STAGS models indicate that the error percentage is directly

related to the coarseness of the model, and as the circumferential spacing is

;;i reduced, the computed value approaches the theoretical solution. For this
@ particular cylinder model to achieve a valid solution, the STAGS model required
£ a 3-degree circumferential spacing, whereas the NASTRAN model required a

. 10-degree spacing.

The aspect ratio of the plate elements was considered as an important

B parameter in this investigation. Although most of the models utilized a
fE constant number of uniformly spaced longitudinal cuts, a few were processed
B using nonuniformly spaced longitudinal cuts to determine the effects of vary- L

& ing the aspect ratio. It was a surprise to learn that the results did not

2 change appreciably. Apparently the aspect ratio of the plate elements is not a
i critical parameter for NASTRAN buckling analysis. The data presented in fig-

@ urc 8 for extremely low and extremely high aspect ratios are related to the very
coarse and the very fine circumferential spacing models, respectively. There- .
fore, the most probable reason for the results is due to the circumferential A
{ spacing. a

The NASTRAN models were processed on 1BM 370/165, and the STAGS models f?

cost in dollars and preseuted in figure 9. Even the very fine model used in
, STAGS to achieve a valid solution resulted in less computer cost than any of -
the NASTRAN models processed. This may be partly attributed to the two com- .
puter systems used in the investigation. Aithough figure 9 presents the com- :
puter cost, a significant part of the total cost for buckling analysis is the
man-hours required to construct the model and prepare the data. Also, the
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NASTRAN program provides a lot more flexibility in modeling as compared to the
STAGS program. The total cost data for this investigation are not available,
but it is estimated that for a typical problem, the total cost would be nearly
equal for these two programs.

CUNCUUSIONS

In the static analysis investigation, it was determined that the NASTRAN
plate element has a width-to-thickness ratio (b/t) limitation, as well as an
aspect ratio limitation. These are both important parameters tc be considercd
in modeling thick plate structures. FExtra care should be excrcised to aveoid
large aspect ratios and/or small (less than five) width-to-thickness ratios.
The investigation did indicate that ASKA element TRIB3 is consistently valid
for extremely low values of b/t. For those structares whose configuration
requires modeling to b/t values less than five, it is recommended that they
get processed using the ASKA program or use solid elements available in
NASTRAN.

The buckling analysis investigation revealed that mcdeling requirements
are quite different from static analysis. The conventional rules for static
analysis modeling are neither sufficient nor applicable for buckling analysis.
Although the effect of varying aspect ratio is negligible, the effect of vary-
ing the number of clements per halr wavelength is very critical *o both a valid
solution and the computer cost. The cost of performing a valid buckling analy-
sis is very high mcasured by static analysis standards. Although STAGS com-
puter cost is quite low, the man-hour cost is quite high, compared to NASTRAN
costs. The evaluation of the buckling analysis performed in this investigation
has revealed that it is very difficult to separate a reasonable solution from
an erroneous solution. The NASTRAN models indicate an extremely narrow band
of circumferential spacing (number of elements per half wavelength) may be
selected for a valid solution, whereas the STAGS models indicate the finer
models produced an acceptable solution.
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6 Circumferential spacing

L Length of ~vlinder element

a Length of plate

b Width of plate

t Thickness of plate or cylinder

R Cylinder radius

Pcr Critical buckling load — program output

P Critical buckling load — theoretical value

Oy Critical buckling stress — theoretical value
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Table I

STATIC ANALYSIS - DEFLECTION DATA

=

Plate
Thickness NASTRAN NASTRAN ASKA Theoretical
t (cm) | b/t QUAD2 CTRIA2 TRIB3 (Ref M
1.27 20,0 | 15.00 x 1074 ] 13.64 x 108 | 13.30 x 107 | 14,01 x 1071
5.08 5.0 | 24.0 x 1073 22.07 x 103 | 2009 x 1073 23.37 x 107>
1016 | 2.5 {3.2x10% | 297x10% | 2.62x10° | 292 x107°
, -4 -4 -4 , -4
15.24 1.67] 10.39 x 10 9.73 x 10 7.82 x 10 8.61 x 10
20,32 1.25] 4.93 x 1074 | 465 x 207° NA 3.63 x 107
-4 -4 -5 -5
25.4 1.00| 2.87 x 10 2.72 x 10 16.74 x 10 18.54 x 10
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Table I1

BUCKLING ANALYSIS - EIGENVALUE DATA NASTRAN MODEL

Mesh Size Degree
Shell 6, deg | ¢, cm Pcr/P nf Freedom*
90 2 25,4 1.6434 T1
90 5 25.4 1.5409 T1
90 9 25.4 1.3614 RZ
90 10 2h.4 1.0390 R,
90 11 25.4 .7844 R2
180 20 25.4 .5568 R3
180 30 25.4 .3079 R3

*Eirenvectois are rornalizea with respect to this degree
of freedom.

Table 111

BUCKLING ANALYSIS - LEIGENVALUL DATA SIAGS MODLL

. Mesh Size P_/p llc:grcc .
ell 6,deg | £, cm cr of Freedom
90 3.1 4.24 1.08 T
90 3.1 | 9.53 1.09 1
90 3.1 |18.05 1.11 "
90 3.1 381 .37 T
90 5.3 4.24 1.27 T
90 11.25 | 12.7 2.78 'l‘1
90 32.5 | 12.7 29.9 Tl

*Eigenvectors are normalized with respect to this degree
of freedom.
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Table IV

BUCKLING ANALYSIS - MACHINE TIME DATA NASTRAN MODEL IBM 370/105

Number of CPU Time Channel Time
Grid Points {sec) (sec) Billing Units
184 222.432 114.732 28.9015
76 80.208 93.438 12.9700
44 57.732 91.212 10.4553
40 63.23 102 72 12.1796
40 54.63 93.75 10.8100
36 58.398 104.118 11.5798
28 43.662 95.358 9.6276
Table V

BUCKLING ANALYSIS - MACHINE TIME DATA STAGS MODEL CDC 6600

Number of CPU Time 1/0 Time
Grid Points (sec) (sec) System Sec
300 46.228 105.800 72.678
180 18.469 40.9 28,694
150 19.176 48,626 31.332
90 11,312 33.816 19.766
60 7.858 30.624 15.514
36 3.227 21.162 8.517
20 2.036 23.259 7.85

76



L A e e reg e e gt

R i Eah il b Ak

R

T Tt T j/ A
| i | N N e
“T“Jrj'“r - &*‘ LA“ -+
b———)————T—v—ﬁ—————Q L, . ‘ + A\:‘/’ /T /1(/~—j

e

-+ _/;'(: /'\ . L
N

I S ST NS S eni
JhJLJ L t/ : /*

fe——152.4 cm—) p—152.4 cm ——of

:———
N
s

NASTRAN - CTRIA 2
ALL EDGES CLAMPED

NASTRAN - CQUAD 2
ALL EDGES CLAMPED

le
|ad

T "

~-% . ¥ e L

+ . e .k lﬂ

N ‘ 7 1
God e Liiﬁa
S Ji' l PO

o e

S B !
1524 M —df

SKA - TRIB 3
ALL EDGES CLAMPED

14 16

18 20

Figure 1. Static analysis - basic model geometry.
10.0|
1.0 -
DEFLECTION,
CENTIMETERS
mo’?! -
w0 -
mo” -
-4 t .t i i i 1
MO ™3 % 8§ W
b/t
Figure 2. Deflection vs thickness ratio, NASTRAN - CGuAD2.

77

w‘-l .

R

4
i
»




[PV SV

Tt g

-
T

10.0

1.0

DEFLECTION,

CENT !METERS
ix10”!
1x10_2
1x10'3

A e ke —————————————
M0 == 6 8 10 12 1@ 16 1B 20
bit

Figure 3. Deflection vs thickness ratio, NASTRAN - CTRIAZ.

10.0 m

1.0
DEFLECTION,
CENTIMETERS

mo

K & '

lxlo'3

-4
1x10
0

2 4 6 8 10 12 14 1~ 18 20
b/t

Figure 4. Deflection vs thickness ratio, ASKA - TRIB3.

78

s S AE W

R — < —aie

R g




76
4 bifr. . —PROGRAM VALUE - THEORETICAL
60 ~ Cen THEORETICAL
% DIFFERENCE )
50 ~ o NASTRAN - CQUAD 2
o NASTRAN - CIKIA 2
40 - s ASKA - TRIB 3
30 -
20 -
10 -
A
0 ¥ y
i 4
-10 - 7
- T
1 1 1 i
0 2 4 6 8 V—-‘_JZO

b/t
Figure 5. % difference vs thickness ratio.

N|
Il

3
QI)G’ J102 cm WALL THICKNESS
4 /
00 900 l
1,_9. -
I ‘\7L 20 cm R
4 6 %
=~ |1 76.20
76.20 = .
cm "'9_’1 r__— |’
! 1
: !
‘ [/
|

—a
OF CYLINDER

Figure 6. Buckling analysis - basic model geometry.

cm HIGH

L 2
i3

s



B

LT ST S—

30 Pralems
Jr -
I
1 o e
/!
i STAGS  mm—m
7
// NASTRAN e
3._
Pcr
P
2
1
, , J
0 10 0 20 30
Figure 7, Effect of varying circumferential spacing.
30 ?
T NASTRAN O
‘7 i STAGS O ==
Pcr %?
- 1
P 1
. 1
3~
1
'
1
1
\
2 - \
\
'. A

1 - T 3

¢/6R

- ! h
4 10

Figure 8. Effect of varying aspect ratio.

80



E DU v VR A S PO oW

ndE A

Mmmﬂmmmmmmnmmmméﬂqnmmmwv T Laary Ll USSR R o RS

 NASTRAN - —— 1 BILLING UNIT - 34
STAGS c——— _ 1 SYSTEM SECOND <= $.25
1008
MACHINE
COST &
S0
]
et
ey m————— df.‘-—"'(‘——’-——” I
e e 1
100 200 300

NUMBER OF GRID POINTS

Figure 9. C(ost comparison between NASTRAN and STAGS.

81

T WL R ISR B N

ST e e

Cl



b

B ey, ey
b et -

o L ki N x - : "
Ammmmanm-nnlmmm“w HE NG o ot e e

W {98 TR B g o R e hesan 4 s,

)

Lt

B
AN

T
5

L

APPENDTY. A

P../P=1.6434; {=25.4 cm; §=2°

Figure A-1. Mode shage - NASTRAN model.

P,,/P = 15409; { = 25.4cm; 6= 5

Figure A-2. Mode shape - NASTRAN mwdel.
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P,./P=136l4; (=254 cm; §=9°

Figure A-3,

Mode shape - NASTRAN model.

P /P =1.039; £ = 25.4 cm; § = 10°

Figure A-4.

Mode shape - NASTRAN raodel,
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P,./P = 0.1844; ( = 25.4 cm; = 11°
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Figure A-5. Mode shape - NASTRAN model.

P,./F = 0.5568; { = 25.4 cm; 6= 20

Figure A-6. Mode shape - NASTRAN model.
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yigure A-7. Mode shape - NASTRAN model.

P,./P=108; £=424cm; 0= 3.1°
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Figure A-8. Mode shape - STAGS model.
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‘ Figure A-9. Mode shape - STAGS model. :
o .
P../P=1.11; £=19.05 cm; 6= 3.1 '
- /
 w

G MY e T e g e W e e

P s

Figure A-10. Mode shape - STAGS model.
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P _/P=0.37; 0 =38.1cm; 6=3.1°
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Figure A-11. Mode shape - STAGS model.

P,./P=12T; { =424 cm; 6= 5.3°

Figure A-12. Mode shape - STAGS model.
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NASTRAN ANALYSIS OF AN AIR STORAGE PIPING SYSTEM

By Clarence P. Young, Jr., A Harrer Cerringer, and Richard W. Faison
NASA Langley Research Center

SUMMARY

This paper summarizes the first Lergley Research Center application of
NASTRAN to a complex piping design evaluation problem., Emphasis is placed on
structural modeling aspects, problems encountered in modeling and analyzins
curved pipe sections, principal results, and relative merits of using NASTAAN
as a piping eanalysis and design tool. 1In addition, the piping and manifolding
system was analyzed with SNAY (Structural Network Analysis Program) developed
by Lockheed Missiles and Space Company. The parallel SNAP study provides a
basis for limited comparisons between NASTRAN and SNAY as to solution agree-
ment and computer execution time and costs.

INTRODUCTION

The new Langley Research Center (LaRC) 4.137 Mn/nz (600 psia) air stor-
age facility is being constructed to efrect repairs to the system that was
damaged in the Langley 9- by 6-root thermal siructures tunnel manifold fail-
ure in September 1971, Tecause of the increased coucern and emphasiz at
LaRC on safety in facility design, a rigorous stetic analysis of the piping
ana mar.folding system design was performed within the Systems Engineering
Division (SED). Since NASIRAN had beea used exteusively within SED for
analyzing aerospace~-type structures, i1t wus decined that the piping applica-
tion would provide the desired degrec¢ uf rigor nud at the same time exercise
the applicability of NASWRAN as a pipi: : <nalynis cocl.

The purpose of “his paper is to docur:iri .“¢ results and experience
gained in applying NASTRAN to a complex v.e.cor.ced piping system. Although
NASTRAN was not dcveloped as a piping ara.vsi: tool, it can be used to simu-
late the extensional and bending behavior ¢ pipes which cen be characterized
as beams, (See, e.g., ref. 1.) The besic approach is that of a stress
analysis of the given design for varicus static loading conditions. The
calculated stresses are then compared with allovable values es obtained from
references 1 to 3. These comparisont serve as a basis for eveluating struc-
tural adequacy.

SYMBOLS

A cross-sectionul area of pipe, n° (in2)
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3

¢ distan.e to outermost fiber measuread from bend axis, m (ir |

) é Fi(PA) static pressure loading
i h bend characteristic (defined by eq. (1))
, 1 1 area moment of inertia of pipe c»nss section, mu (inh)
] IPS internal pipe size
é j in stress intensificati-n factor
? M bending moment
% P internal pipe pressure, N/m2 (lbf/inz)
: R radius of pipe bend, m (in.)
g r mean radius of pipe, m {in.)
T . temperature, °K (°F)
{ t pipe wall thickness, m (in.)
v, wind velocity, m/s (mph)
' XY 2 element coordinate system
a angle measured from bend axis of pipe to point of peak stress
(see fig. 5), deg
g stress predicted by elementary vcom theory, N/m2 (lbf/inz)
Subscripts:
y bending abou* Y-axis
} f," ; z bending about Z-axis
ANALYSIS

Facility Descrintion

The nevw air »iorage facility is depicted in figure 1. Basically, the
system coasists cf 167 air storage bottles connected vy manifolding to the
main head:r O,Gl~m-diameter (2h in.) supply line. The nev main header is tied
tu an existing overhead . ine vaich is illustrared in the photograph of rigure 2,
In zrder L0 assess the totul interaction loading e¢’fects between the existing
line ard the new lines, the existin. line wvas modeled as well,
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NASTRAN Mcdel Characteris.ics

The NASTRAN model of the piping and manifolding system is illustrated in
the perspective plot of figure 3. The model includes the existing overhead
0.61-m (24 in.) supply line, *he new 0.6l1-m (2L in.) Line, the new 0.20-m
(8 in.) and 0.25-m (10 in.) lines, 0.15-m (6 in.) meunifolds, ard 0.038-m (1%
in.) distribution (goosene ¥) connections to storage bottles. Anchor points
for the piping system are as shown in figure 3 with the gooseneck lines being
fi.ed at the air storage bottle flanges.

Bar elements are used throughout to characterize the pipe elongation,
twist, and Lending behavier., Tn total 7%h bar elerc-te weye used with the
reduced problem (. ..straints and boundary ccnaicic.. . .czed) being cnaracter-
ized ty approximately 3500 degrees of freedom.

Curved Pipe Consideraticns

1 One of the more interesting aspects of the aralysis conceins the struc-
i tural modeling and prediction of stresses in curved pipe sections. It is

. known that curved pipe sections behave quite differently compared with

f- straight sections when subjected to bending loads. Wl.~n bending loads are

' imposed on a cuarved pipe, the cross scction tends to cvalize or flatten on

P one side, which results in increased flevibility and « stress redistribution.
& (See, e.g., ref. 1.)

: Structural modeling and flexibility effects.-~ Since there are no curved

i bar elements within NASTRAN, the pipe e¢lbows were modeled as a s2ries of

§ straight bar elements as illustrated ir figure 4. For the 90° elbows in the

£ 0.61-m (24 in.) line, three bar elem:rnts of equal length were used to complete
the turn. Additionally, the pressure loadings F;(PA) shown acting in the
figure were developed to satisfy equilibrium around the bend. It should

BR be noted that the number of clcments used to represent the curvel pipe se_-

8 tions varied, depending on pipe size and turn angle. For example, the 90°
IR bend on the 0.038-m (1% in.) pipes was modeled using one bar element connect-
} ing the pipe center-line poirts of tangency.

In order to characterize the increased flexibility in the curved regions,
the bending modulus of each element was reduced by a flexibility factor
defined as the ratio of the resulting increased deflectinon of a curved pipe
to that predicted by beam theory. Theoretical flexibility factor data were
obtained from reference 1, which gives the flexibill.ty factor as a function
of the bend characteristic h defined as

h= =5 (1)

Stress intensification.- Elementary beam theory canrot account for the
actual stress distributions in curved pipe as illustrated by the .omparative
distributions given in figure 5. Whereas beam theory would preict the
maximum stress to occur at the outermost point from the bend exis, curved pipe
theory shows that the peak stress shiftc toJard the neutral ¢ :is (corresponds
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to a =0 in fig. 5) and also becomes intensified. The ratio of the maximum
stress in a curved pipe to that predicted for a straight pipe is defined as the
stress intensification factor i,. Also, not only do the longitudinal stresses
become ampliified, but high circumferential stresses are predicted as well.

In figure 5, the orientation of the predicted points of maximum stress
for both in-plane and out-of-plane bending of the elbow is seen to be 26°
measured from the bend axes. In-plane bending is defined as a bending moment
about an axis normal to the plane of bend (2-axis in fig. 5) while out-of-
plane bending corresponds to a moment about an axis in the plane cf bend
(Y-axis in fig. 5). The in values fcr the elbow of figure 5 as predicted by
data given in references 1 and 2 are as follows:

fe g te g e vl vt

Reference 1 Reference 2
; i; (circumferential) . . . .. . 6.6 3.5
; ; i, (longitudinal). . . .. .. . 5.0 3.5
N
: i i (longitudinal). . . . . . . . 4,3 3.5
| % i), (circumferential) . . . . . . T.V 3.5
22 - Note that values given in reference 2 are about one-half the theoretical

values given in reference 1 and are constant for both in-plane and ouc-of=-
plane bending. The lower values are based largely on experimental results
. and appear to be more realistic for design.

It is apparent that the actual stress distributions in the curved regions
become quite complex for the situation where both in-plane and out-of-plaune
bending loads are present. Time did not permit research into the area of

) stress determination around the pipe for combined bendir - loads; therefore,
I .§ predicted maximum stresses were added in the most adverse manner as a con-
§ servative approach.

Applied Loads

1 The static loads used for the analysis included the total pressure,
RN thermal loadings for a temperature rise and fall of 268° K (60° F), gravity
. l} loads, and steady wind loads at 44,7 m/s (100 mph). Solutions were obtained

} for the independent loading conditions as well as for the total combined loeads.

i In this manner, the stress contributions for the separate and combined load-

3 ings were obtained for comparison with the allowable working stress criteria

! given in references 2 and 3.

Analysis Procedure

The analysis procedure is depicted in the flow diagram of figure 6. Note
from the flow diagram the incorporation cf the flexibility and stress intensi-
fication factors. As stated previously, the bending flexibility in the elb-.w
regions was accounted for by reducing the section modulus of the bar elements
which make up the curved pipe sections.
| 92 ;
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< REPRODUCIBILITY OF THE ORIGINAL PAGE 1S POOR.

. Since NASTRAN cannot recover the combined stresses for either straight or
curved sections of pressurized pipe, it became necessary to write a separate
‘'stress calculations program. This program uses the input of element forces
‘and moments and generates the combined pressurized pipe stresses (e.g., hoop

c-ses are accounted for along with torsional stresses) and also applies

: stress intensification factors in the elbow regions. Once the combined
resses are calculated for the highest loaded elements, these values are then
;mpared with the allowables and guideline vaiues of references 1 to 3.

<

DISCUSSION OF RESULTS

The results of the NASTRAN analysis proved to be quite beneficial not only
for verifying the adequacy of design but also for identifying potential problem
areas and for efficient selection of anchor point lccations and pipe bend
radii. For example, one early finding in the analysis identified an over-
stressed situation for the gooseneck at the last row of air storage bottles
nearest the main header. 1In this instance, an error in the design calcula-
tions had resulted in a pipe length selection that was too short. Had the
NASTRAN analysis not been performed the error probably would have gone un-
noticed with failure likely.

General Stress Results

In general the calculated strecsses throughout the system were within the
required working allowables of references 1 to 3 and in only a few isolated
areas equaled or slightly exceeded the conservative combined loasding stress
guidelines given in reference 1. (The calculated stress values are not
presented or discussed in detail for reasons cf brevity and lack of signifi-

3 cance within the framework of the present paper.) Based on the NASTRAN calcu-

' lations, the design was acceptable; however, the design was also examined in
view of obtaining stress reductions in particular areas of concern. As it
turned out, the stress condition of the greatest concern occcurs in the last
goosenecks nearest the 0.61-m (24 in.) main header. The higher stresses occur
in these goosenecks as & result of thermal and pressure expansion in the main
header pipe. Two options considered for reducing these stresses were (1) to
relocate the anchor point and (2) to select a more desirable bend radius for

‘ H the goosenecks. These options are examined in the following subsection.

Analysis of Potential Stress Reductions

Two selected studies on stress reduction in the gooseneck pipes are dis-
cussed in this section. Other studies were made which proved 1o be useful
for identifying local problem areas but are beyond the scope of the present
paper.

Anchor point location.= The main header line and manifolding to the air
storage bottles are illustrated in the schematic of figure 7. The point of
fixity is located at x = 17.07T m (672 in.) (support tower) with guide locations
as indicated. It should be noted that a guide support is designed to allow the

pipe to slide (longitudinally) while providing constraint in all other directions.
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The baric behavior which leads to the previously mentioned high stresses
in the last row of distribution lines (goosenecks) is thermal and pressure
expansion of the main header. The local deformation behavior of a row of
goosenecks due to the main header expansion is illuctrated in figure 8. The
fixity at x = 17.07T m (672 in.) leads to pipe expansions buth toward the
origin x < 17.07 (672 in.) (negative) and toward the air storage Loctle field
x > 17.07 m (672 in.) (positive). These expansions significantly influence
stresses in the gooseneck lines and in the main header elbow located at the
origin. Therefore, a logical way to reduce the gooseneck stresses, at the
expense of increasing the elbow stresses, would be to relocate the anchor
point.

In order to examine the main header expansion behavior, the point of
fixity was removed which yields the deflections along the header for pressure
and temperature expansion as shown in the graph of figure 7. Note from the
curves of figure 7 that a node point (Ax = 0) exists at x = 27.94 m (1100 in.).
The node point is ideal for anchor location for the statics load problems as
it would be equivalent to the no-fixity case.

In order to explore the stress situation at the particular points of con-~
cern, the anchor point locations were varied which geve the stress plots in
figure 9. By comtining stresses due to thermal plus temperature expansion,
it can be seen “hat a significant stress reducticn is obtained by moving the
anchor point toward the bottle field. At the same time the stresses are
observed to rise in the main header elbow. For example, the combined strecses
in the 0.038-m (1% in.) pipe can be reduced by 50 percent by locating the
anchor at x = 31.09 m (1224 in.) (extrapolated point) at the expense of a
33-percent increase in the elbow. The need to have a complete fixity in view
of dynamic blowdown effects and at the same time give a much reduced static
stress situation would suggest locating the anchor at x = 31.09 m (1224 in.).

Bend radius selection for gooseneck geometry.- Another example of stress
reduction via NASTRAN analysis is shown in figure 10. The 0.038-m (1% in.)
gooseneck between the 0.15-m (6 in.) manifold pipe and bottle (assumed as the
point of fixity) was initially designated with a length of 0.53 m (21 in.)
from manifold to bottle instead of 1.52 m (5 ft). As previously mentioned,
the preliminary NASTRAN analysis resulted in unacceptably large stresses,
which ultimately led to a parametric study to determine the best design. A
space limitation imposed a maximum of 1.52 m (5 ft) available for the length
from manifold to bottles, whereas the bottle spacing imposed a maximum radius
of bend of 0.46 m (18 in.) for the 0.038-m (1% in.) gooseneck. Intuitively,
one might think that the maximum radius of bend would provide the lesser stress;
however, the stresses are seen to result primarily from the displacement of
the main header as previously deseribed. This displacement imposes a large
moment at the bottle connection (fixed point in fig. 10), and thus the longer
the moment arm, or rather the length from manifold to bottle, the smaller the
stress. Figure 10 shows the calculated stresses in the goosenecks as a func-
tion of the radius of bend for the given 1.52 m {5 ft) length from manifold to
bottle. The input for the study was the displacement of the gooseneck at the
manifold end for a selected bend radius of 0.20 m (8 in.). This displacement,
associated with the maximum combined for both the temperature and pressure
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expansion, of the main header was assumed constant and independent of bend
radius. Although the data are not depicted in figure 10, the stress increases
in the bend and straight section as the 1.52 m (5 ft) length from header to
bottle is decreased. Also, the standard minimum radius of bend for a 0.038-m
(1% in.) pipe as specified in reference 2 is 0.19 m (7% in.); thus, the
selected gooseneck design was for a 0.19-m (7% in.) radius of bend and a
length of 1.52 m (S ft) from manifold to bottle.

COMPARISON OF NASTRAN WITH SNAP

The parallel SNAP analysis was performed for a number of reasons. Chief
among these was the need to gain further experience to provide further check-
out of the SNAP "statics" program (ref. L). Also, the SNAP analysis served
as a backup solution for NASTRAN and gave a basis for comparing and/or verify-
ing numerical results.

The NASTRAN anrd SNAP structural models were developed by Gerringer and
Faison, respectively, so that the analyses were independent; however, the

basic element representations were used for both models. It should be noted
that the SNAP model did not include the new 0.20-m (8 in.) and 0.25-m (10 in.)
lines shown in figure 1; however, for comparison solutions the aforementioned

lines were removed from the NASTRAN model.

The parallel analysis proved to be quite useful for uncovering modeling
and loads input errors, Also, the numerical results agreement was very good
as one would expect.

From a computer cost point of view, SNAP was found to be much more
economical for the study. Typical comparative execution times and cost per
run for a combined loads case on the Control Data 6600 computer system are

as follows:

NASTRAN SNAP
Execution time, sec, . . . . . 550 120
Cost per run, dollars. . . . . 107 15

These comparisons show the NASTRAN execution time is greater by a
factor of about 4.5 and costs about seven times as much as the SNAP run.
These comparisons should, of course, be recognized as that for a particular
static problem solution rather than a general observation. SNAP apparently -
attains its low execution costs througn the use of a &irect elimination ‘;
procedure (see ref. 5) which affords substantial savings when compared with ;
constant or variable-width band matrix, artive column, or partitioning solu-~ t
ticn methods. Information distributed by the author of reference 5 points out
that in run-time comparison studies no other program was found to execute as
fast as SNAP; in very large problems, very substantial differences in run time
(e.g., factors of 10 or more) have often been observed.
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CONCULDING REMARKS

The NASTRAN application to the new LaRC piping and manifolding system
supports the adequacy of design in view of applied stress criteria. The ana-
lysis defined the static behavior of a complex piping system and significantly

impacted the design in several areas.

Based on the experience gained in this application, it is believed that
NASTRAN can be used as a powerful tool for design evaluation of complex piping
systems, However, major additioral needs for NASTRAN to be used as an effi-
cient piping analysis tool are identified as (1) development and inclusion of
curved beam elements and (2) stress recovery subroutines for pressurized pipes
and curved pipe sections subjected to combined bending loads.

The parallel analysis using the SNAP program gave very good agreement in

numerical results. However, SNAP proved to be much more economical for this

particular problem application.

-
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Figure 7.- The 0.61-m (24 in.) header deflections with fixity removed.
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THERMAL DISTORTION ANALYSIS OF A
DEPLOYABLE PARABOLIC REFLECTOR

By Lloyd R. Bruck and George H. Honeycutt

NASA Goddard Space Flight Center

SUMMARY

K The Goddard Space Flight Center has performed a thermai

I distortion analysis of the Advanced Technology Satellite (ATS-F)
£ 9.144m (30 ft.) diameter parabolic reflector using NASTRAN

. Level 15.1. The same NASTRAN finite elerant model was used to
&, conduct a lg static load analysis and a dynamic analysis of the

@ reflector. 1In addition, a parametric study was made to determine

;;which parameters had the greates. effect on the thermal distortions.
t This paper describes the method used to model the construction of
% the reflector and presents the major results of the analyses.

INTRODUCTION

The ATS-F is the latest in a series of spacecraft desiagnated
as Advanced Technology Satellites. This 3-axis stabilized
synchronous satellite has becen designed as a multiple mission

B system to allow for numerous communications, meteorological

F and scientific studies.

The ATS-F spacecraft is shown in the launch configuration in
Figure 1 and in the orbital) configuration in Figure 2. The
® predominate feature of the spacecraft is a 9.144m (30 ft.)
t diameter parabolic dish high gain antenna. The success of many
of the spacecraft experiments depends on maintaining the design
surface contour of the parabolic reflector after deployment. 1In
addition, the spacecraft control system must adhere to stringent

, The surface contour of the reflector ie distorted in orbit

B by the thermal environment of space. It is necessary to predict

B what these distortions will be in order tc assess the R-F

performarce of the reflector. As there is no practical or

realisti~ ground test that will provide this data it was necessary

to resort to analytical methods. Accordingly, GS¥C has performed .
| a thermal distortion analysis of the ATS-} reflector using .
] NASTRAN Level 15.1 for selected thermal load cases that produces

the required reflector distortions.

¥

; As a partial check on the validity of the NASTRAN model a 1g
j static deflection analysis was also accomplished. The results

Y
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were compared with an actual measurement of the lg deflections to
provide some information on the accuracy of the model.

To help determine which parameters were most important in
controlling the thermal distoitions, a parametric study was made.
In this study the effects of the mesh, ri., temperature, and rib
thermal gradients were varied to determine the relative magnitude
cf the ¢ffects on the thermal distortions.

In addition,the fine pointing and slewing requirements

necessitated obtaining the dynamic characteristics of the reflector.

With only slight modification to the static NASTRAN model the first
natural frequency and mode shape were obtained to provide infor-
mation for design of the control system.

The prime contractor for the ATS-F spacecraft is Fairchild
€pace and Electronics Company: the subcontractor for the parabolic
reflector is Lockheed Missiles and Space Company. Both of these
organizaticns provided infeormation which made these analyses
possible.

REFLECTOR DESCRIPTION

General

The deployed reflector is composed of 48 flexible ribs
hinged to the spacecraft hub at 7.5 degree increments as shown in
Figure 2. A woven copper coated dacronr mech serves as the reflec-
tive surface and is connected betweer each rip at the top edge of
the rid. When stored four launch, the ribs are wrapped around the
hub with the mesh carefully folded between the ribs. The packaged
reflector is enclosed by a series of doors that are secured by a
circumferential restraining cable. When the restraining cable is
severed, the elastic energy stored in the ribs is released causing
the ribs to unwrap to the deployed position. During deployment
the ribs pivot freely about the hinges at the hub; wher fully
deployed the hinges are locked. The reflector is designed so that
there is always a smail tension load acting on the mesh keeping
it taut during orbit.

Rib Description

An indivi-.cal reflector rib is shown in Figure 3. T . rib
tapers in width ‘. om its attachment at the hub to the outer edge
of the reflecto: The cross section of the rib normal to the
parabolically curved principal axis is of semi-lenticular siape
and alsc varies alcna the rib. Each rib is made from a single
piece of aluminum sheet with varying aiameter holes cut out along
its length. The lLoles are pruviued to permit the heat input from
the sun to pass freely through the rib to prevent excessively

104

T ™

R



¥ severe thermal gradients.

Mesh Description

E The R-F reflective mesh is constructed from copper coated

b dacron yarn bundles overcoated with a thin silicone sealant. The
f warp yarn running in the lcngitudinal direction (radially along

® the rib) is made from double strand dacron, 10 pair/cm while the
f filling yarn in the transverse direction (circumferential from

¥ rib-to-rib) is made from single strand dacron 12.5 strands/cm.

£ This form of constructicn makes the woven mesh behave nonisotrop-
g ically and consequently have material properties (modulus of

f clasticity and the thermal coefficient of expansion) that differ
l in each principal direction. Tests on the mesh have revealed that
k Poisson's ratio is essentially zero for this material in both

f directions indicating that the yarns in either direction behave

i independently of one another when each is loaded individually.

Hub Description

; The aluminum hub, Figure 4, is composed of two ring sections
i connected every 7.5 degrees by risers located midway between each
j rib. The reflector is protected in the folded positinn by a cover
¥ as shown in Figure 4. This cover provides no significant load
carrying structure to the hub. The rib hinge attachment to the
hub is also illustrated.

Attachment of the hub to the spacecraft is provided by the
mounting assembly indicated in Figure 5. This assembly, located
every 90 degrees, provides for a rigid attachment of the hub to
! the spacecraft except for the rotation that is allowed to take
! place at the hinge. The purpose of this method of attachment is .
tc assist in the isolation of the antenna from any structural
motion created by the spacecraft.

FINITE ELEMENT MODEL

. Rib Model

The finite element model of the rib is shown in Figure 6
S v where each of the 48 ribs have been represented by 10 bar elements
FE L making a total of 480 rib elements. A significant feature of the
rib model is that the offset between mesh attachment point and the
rib centroidal axes is retained. The effect of this offset is to
introduce a twisting moment about the rib longitudinal axis when
the rib is loaded in the lateral (circumferential) direction by
mesh loads and a bending of the rib about a circumferential axis
when loaded in a radial direction by the mesh. This offset is
shown in Section A-A of Figure 6.

i P RE R
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The shear center of the rib and the rib centroidal axis do
not coincide. Prior to the formulation of the 10 element rib
model a much more detailed plate element model of a single rib
was generated which simulated the shear center offset. Various
thermal gradients were applied to this model to determine the
resulting twist and warp of the rib. The results of this analysis
indicated that the offset shear center causes only slight twist
and warp of the fiee rib. Because the mesh would act to resist
the twist of the rib, the restraining force of the mesh would tend
to further minimize the effect of twist or warp on the thermal
deformations. Therefore, it was concluded the effect of the shear
center offset is minimal and can be neglected.

The reflector deflection resulting from thermal or gravita-
tional loads is determined for grid points at the mesh attachment
point to the rib.

Hinges are provided at the hub for attachment of the ribs
to the hub and to allow the ribs to rotate to their fully deployed
configuration. These hinges become fixed at deployment. For
this reason the rib hinges were fixed in the model.

Mesh Model

The reflector mesh has been modeled by membrane elements
capable of carrying in-plane tension loads. Each mesh section
between ribs has been subdivided into 10 trapesoidal membranes
that are attached to each corner to the grid points located at
the rib edge. The nonisotropic properties of the mesh have been
reflected in the model parameters; the mesh thermal coefficients
of expansicn and modulus of elasticity are civen as functions
of temperature.

Hub Model

The hub is modeled with bar elements as shown in the hub
segment depicted in Figure 7. A centroidal axis offset of the
upper and lower hub rings at the hinge has been provided in order 3
to vosition the hinge elements in their proper location. Four :
attachment points are provided for securing the hub to the space- i
craft. This attachment allows rotation of the hub in the directiony
of the hinges as in the actual construction by using the pin flag ¢
option in NASTRAN. 3

COMPLETE FINITE ELEMENT MODEL
The complete finite element model, Figure 8, is composed
of the hub, mesh, and rib models discussed previously. This
figure was obtained by using the plot mcdule of NASTRAN. A total
of 1404 elements connected between 728 grid points are used to
model the complete reflector. As every grid point is allowed to
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ive 6 degrees of freedom, with the exception of 4 grid points
1at are fixed simulating the spacecraft, there are 4,344 total
agrees of freedom.

In the static analysis the decomposition of the stiffness
atrix (semi-bandwidth of 15 terms with 87 active columns and 14
ows) consumed the bulk of the computer time. Run time using
tandard core on the IBM 360-95 for one static load case was 15

inutes, 10 minutes of which was used decomposing the stifiness
atrix.

b In the dynamic analysis, using the inverse method eigen-
B¥ ilue extraction routine, obtainingone eigenvalue used about 35
;¢ inutes of the total run time of 38 minutes.

P e ey v Ay e

1lg ANALYSIS

E A lg load in the -2 direction was piaced on the reflector

#n order to check out the finite element model and to provide a
gonparison with static deployment test results of the actual
feflector. Reflector deflection results are presented as plots

Pf the vertical (Z) deflection of the rib tip at 4.572m (180 in.)
Badius versus rib number. Figure 9 illustrates the rib numbering

g ystem. The lg NASTRAN result and actual test results are compared

Figure 10. This comparison indicates good agreement with the
ictual test results was achieved.

.

ORBITAL THERMAL DEFLECTION ANALYSIS
Thermal Load Input

f A reference temperature of 294°K 70°F) was assigned to each

jlement to define the as-assembled temperature. Orbital tempera- ’
Jure distribution for the various orbit hours served as the thermal x
joad input for the finite element model. Tbh=2 temperatures for each 2
ib segment (10 segments per rib) were determined for an upper node ,
T1) and a lower node (T2). These temperatures were averaged in

he GSFC analysis to define the temperature assigned to the rib
lement in the longitudinal direction. The rib gradient across
lhe rib was calculated using (T3-T3)/d where d is the distance
etween the upper and lower nodes (see Figure 1ll). Each mesh
lement and each grid point was assigned a temperature; for those
rid points where nodal temperatures were not defined a linear
nterpolation was made.

The effect of the spacecraft attachment to the deployed

eflector is presented by a set of initial displacements at the -
our attach points.

«'»’»?\“ o3
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Thermal Deflection Results

Although the deflection results for 12 orbit hours were
determined, only those resulting from orbital thermal loads
developed during orbit hours 5, 12, and 24 for Beta =0° will be
presented as they provide a representative sampling of the total
results. Figure 12 presents the satellite orientaticns for various
orbit hours and defines the orbit angle Beta.

e Orbit Hour 12, Figure 13 - The reflector is completely
shaded by the earth and is very cold. The shrinkage of the reflec-
tor caused the rib tips to deflect to their maximum value.

e Orbit Hour 24, Figure la. - The reflector sees its least
severe thermal load. As a consequence its deflections are a
minimum.

e Orbit Hour 5, Figure 15 - One half of the reflector is
shaded by the other half. Because of this effect, the thermal
gradient developed across the rib is relatively large and takes
the shape plotted in Figure 16. Note that the plot of the thermal
gradient across the rib corresponds closely to the plot of the
deflected shape of the reflector; compare Figures 15 and 16.

PARAMETRIC VARIATION STUDY

In an effort to determine the relative effect of various
model parameters on the deflection of the reflector, a parametric
variation study was conducted on the finite element model. The
temperature distribution present during orbit hour 5, Beta=0 was
used for the five cases investigated.

Case 1 - This case determined the reflector deflection with
the mesh removed and with the thermal gradient across the width of
the rib set equal to zero. The resultant deflection, Figure 17, i:
caused by the rib temperatures and radial rib gradient only and is
relatively small.

Case 2 - The mesh has been removed and only rib temperatures
and yradients are present, both radially along the rib axis and
across the width of the rib. The results of this variation are

shown in Figure 18. Note that the deflections are large and the
shape of the plot of the rib deflections again agrees, as expec .ad

with the shape of the plot of the average depthwise temperatu-e
gradient as shown in Figure 16.

Case 3 - The radial mesh elements have been removed and only
circumferential mesh elements are preseni. The rib temperatures
and radial temperature cradient are present along the rib, but %ne
gradient across the width of the rib has been set equal to zzro.
Deflection results are shown in Figure 19. Although there =zre
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major djfferences in the temperature distribution around the cir-

. cumference of the reflector ranging from 116°K (-251°F) to 269°K
(25°F), the net effect on the mesh is that a uniform tension is

tcreated in each circumferential band. This statement is sub-

gstantiaced by the results which indicate a uniform deflection is
Ecreated at the outer edge of the reflector.

!

Case 4 - The circumferential mesh elements have been removed
and there is no depthwise rib gradient; the radial mesh elements
remain, as well as the rib temperatures and radial rib aradients.
Figure 20 presents the results. The net effect of the radial mesh
ican be obtained from subtracting Case 1 results from this case,
Case 4. It would appear that the deflections caused by the radial
mesh element are insignificant for this case.

Case 5 - The effect of varying the depthwise rib gradient is
shown in Figure 21. The results of 3 parametric changes are shown:
no gradient, actual gradient, and 3 times the actual gradient. The
major impact the rib gradient has on the deflection is evident.

DYNAMIC ANALYSIS

The finite element model was used to determine the first
torsional frequency of the deployed reflector. Comparison of the
NASTRAN result of 1.18 Hz with a value obtained from a modal survey
test of 1.15 Hz indicates good agreement.

A motion picture of the torsional mode was obtained by the
proper adjustment of the amplitude in repeated plots of the modal
displacements in the plot routine and repeating them sequentially
on lémm film,

CONCLUSION

NASTRAN has proven to be a most valuable tool in conducting
the thermal distortion analysis. Because of the capability built
into NASTRAN the parametric study was easily accomplished by the
{alteration or addition of a few input cards The value of the
data obtained far outweighed the cost of the additional computer
- {time required. The results of this analysis supplied valuable
Jinformation on the performance characteristics of the parabolic
antenna and provided insight into the structural interactions of
the various parts of the reflector.

P )fn:ﬂ.“i‘.?b 3

The results of the lg analysis compared favorably with
available test results which provided some confidence that the
model was satisfactory. Again with but a few card changes and
using u different rigid format the first torsional natural frequency
and mode shape were obtained.
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The addition of a beam element capable of handling the offset
shear center effect would have saved the considerable time and
effort expended to prove it had little effect in this problem. It
is recommended that this capability be added to NASTRAN.
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STRUCTURAL ANALYSIS OF LIGHT AIRCRAFT USING IASTRAN
By Michael T. Wilkinson and Arthur C. Bruce

Louisiana Tech University 7

The finite-element method has been used extensively for the analysis of
major aerospace structures. However, there seems to have been little appli-~
cation of the method to light aircraft generally desiimated in the homebuili
or sport category. There are two principal reascns for the lack of utili-
zation of computer methods in this area. First, designers of homebuilt air-
craft have limited awareness of the ability of the method. Second, the high
cost generally associated with any computer analysis frightens poieni.ial ilsers
away. The purpose of the present study was to determine whethexr application
of NASTRAN to the structural analysis of light aircraft can be econcmically
Justified.

For a particular application a NASTRAN model has been made of the "Baby
Ace" D model, a homebuilt design whose plans are distributed by the Ace Air-
craft Company, Asheville, North Carolina. The basic design consists of a
fabric-covered tubular steel fuselage and tail section. The wing is a farric-
covered spruce frame utilizing a Clark-Y airfoil. The aircraft is single
place and designed for engines ranging from 48 to 63 kW (65 to 85 hp).

The NASTRAN model of the crart is shown in figure 1. It consists of 193
grid points connected by 352 structural members. All members are either rod
or beam elements, including bending of unsymmetrical cross sections and tor-
sion of noncircular cross sections. The model also contains pretensioned
meribers to account for the preloaded drag wires on the wing and tail sections.

In the determination of the mass of the craft, consideration was given
to both structural and nonstructural mass. The nonstructural rass consisted
of such ltems as engine, fuel, Instruments, pilot, wheels, fabric, and paint.
This nonstructural mass made up approximately 83.4 percent of the total mass
and was included by using numerous concentrated masses. The pcrtican of the
mass due to fabric, paint, welds, nails, and control wires aroumnted to 9.3
percent of the iotal mass and was "smeared" across the entire nraft.

The aerodynemic loads epplied to the Baby Ace were in accordance with
FAA regulations governing the utility category eircraft. Using the flight
envelope specified In these regulations, several flight conditions were
selected, including a 4.4g stall condition at the maximum angle of attenk of
19° and & 4.4g nonstall pullup at a low angle of 1.8°. 1In each case the -nal-
ysis included the inertis relief feature of NASTRAN. The lift, drag, and
aerodynamic moment of the wing were calculated in a comsistent manner from the
performence curves of the Clark.Y airfoil. PFurthermorc, aerodyreanic forces
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! were also applied to the tall section, assuming zero pitching acceleration.
_ A1l loads were entered as concentrated forces at the grid points, and these
4 , forces were distributed over the wing and tail in a statically equivalent man-

ner.

A sumary of the results is presertly hoing made. Preliminary analysis
11 lcates that approximately 71 percent of the members have a factor of safety
in excess of 5. No structural inadequacies have been determined at this time.
Thus, it appears that the sgireraft L. cverdesigned. Should further study of
the dats confirm this conclusion, areas will be designated where the weight
can be reduced to save money and improve flight performance.

In addition, this problem is being studied by means of the substructure
feature available in Level 15.

A‘. ™ "‘\

Figure l.- Structural members of Baby Ace.
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TRANSIENT ANALYSIS USING CONICAL SHELL ELEMENTS

By Jackson C. S. Yang, Jack E, Goeller,
and William T. Messick

Naval Ordnance Laboratory
SUMMARY

The use of the NASTRAN conical shell element in static,

W eigenvalue, and direct transient analyses is demonstrated. The

§ results of a NASTRAN static solution of an externally pressurized
} ring-stiffened cylinder agree well with a theoretical discontinuity
f analysis. Good agreement is also obtained between the NASTRAN
direct transient response of a uniform cylinder to a dynamic end
load and one-dimensional solutions obtained using a method of
| characteristics stress wave code and a standing wave solution.
Finally, a NASTRAN eigenvalue analysis is performed on a hydro-
ballistic model idealized with conical shell elements.

INTRODUCTION

One of the principal areas of interest at the Naval Ordnance
Laboratory is high-speed water entry of naval ordnance. In order
to achieve stable water entry (no broaching) at low entry angles
off the horizontal, the nose is frequently made blunt so that
the impact force is nearly axial. The rise time of the impact
force can be quite small, depending on the entry angle. Hence,

a transient analysis of structural response is required. This
paper deals with an analysis of a ring-stiffened hydroballistic
model which is designed to impact the water at very high speeds.
The NASTRAN conical shell element appeared to be useful since
many of the models tested at NOL are axisymmetric, monocoque
structures of contour shape which are exposed to external
pressure and axial and transverse loads. However, there has
been little reported use of this element. Reference 1l illustrates
its use in a modal analysis of a ring-stiffened shell and
demonstration problem 1.5 (reference 2) is a static loading of

a uniform cylindrical shell. 1In order to gain confidence in the
use of the conical shell element before modeling the hydroballistic
model, simple structures were analyzed and the results compared
to theoretical values. NASTRAN runs were made on the CDC 6400
computer at NOL using Level 15.1.1.
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SYMBOLS
A cross—sectional area of shell
E modulus of elasticity
Fo constant end load on cylindrical shell
h thickness of cylindrical shell
L length of cylindrical shell
m mass per un't iength of cylindrical shell
M, axial moment per unit length
R radius of neutral axis of circular cylinder
t time
: rise time of force pulse
u axial displacement
x axial distance
§ displacement of circular shell at junction with ring
stiffener
v Poisson's ratio
% hoop stress
Ox axial stress
W, rth eigenvalue in circular frequency

EXTERNALLY PRESSURIZED RING-"TIFFENED CYLINDER

The ring-stiffened shell section of a hydroballistic model
was analyzed to determine the stresses when it is exposed to
external pressure during launch in the gas gun. A midsection
consis.ing of three typical bays was analyzed. The shell was
assumed to be clamped at each end (no pressure applied at ends).
Pigure 1 depicts the finite elaments used in synthesizing the
NASTRAN model of the ring-stiffened cylindrical shell. The
overall modael had 96 rings (or grid circles) and 95 elements,
yielding a total of 471 degrees of freedom for each harmonic.

126

et B e

f |




P L T ool

' ¥ The zeroth harmonic was used in the problem since the loading

e was axisymmetric. The material for the model is aluminum.

I’ Element forces, bending moments, stresses and ring point

B deflections were obtained for an externally applied pressure

I load of 6.894 (106) N/M2, To gain further insight in using

E conical shell elements, multipoint constraints were applied to

¥ the ring at the junction between the ring stiffener and the

¥ cylindrical shell. This eliminates the overlapping of material

. from the stiffener and the cylindrical shell, see Figure 1. The
* number of elements was also varied to observe the effect of

P element size.

- A
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: A discontinuity analysis was done on the ring~stiffened

i cylinder in order to assess the accuracy of the NASTRAN results.

The rings were considered to have a thick-walled Lamé stress

B distribution caused by the discontinuity shear force at the
ring-shell junction. The short shell between rings was considered

} a beam on an elastic foundation so that displacement and slope

relations from reference 3 were used. By using compatibility of

slopes and displacements at the junction, the discontinuity shear

and bending moment were obtained. Axial and hoop stresses were

calculated from
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The significant results from the NASTRAN static analysis
(rigid format one) and the discontinuity analysis are presented
in Figures 2 through 5. Figure 2 shows a comparison of the radial
displacement along the center bay. Figure 3 shows the hoop stress
at the inside and outside wall. The agreement is quite good.
Figures 4 and 5 show the comparison of the axial bending moment
and axial stress. The agreement is quite good in close proximity
to the stiffener, but gradually deviates near the midspan of the
bay. This might possibly be improved by using smaller elements.
The ring size was very important around the stiffeners because
of the rapid attenuation of the bending moment. Very few
differences were observed when MPC was used at the junctions
of the shell and the stiffeners. This indicates that the
overlapping does not have too much effect on the results for the
shell-to-ring thickness ratio used in this problem.
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RESPONSE OF UNIFORM CYLINDER TO DYNAMIC AXIAL LOAD

In a typical water-entry body, the structure is exposed
to transient loading and the body must be considered as free-free.
Before proceeding to actual modeling of the complex structure
involving stiffening rings, etc., several simplified structural
models were investigated and comparisons made with known classical
solutions. Rigid format nine, "direct transient analysis," was
used in the NASTRAN program. Figure 6 depicts the finite elements
used in synthesizing the NASTRAN model of the cylindrical shell.
The overall model had 21 rings (or grid circles) and 20 elements,
yielding a *~t-1 of 42 degrees of freedom for each harmonic. The
zeroth harmunic was used in the problem since the loading was
axisymmetric.

The transient dynamic stresses, element forces, and
deflections were obtained for selected elements and rings. Three
cases of dynamic loads were applied to one end of the cylindrical
shell. The dynamic loads consist of a constant force with two
different rise times and a trapezoidal pulse. These dynamic
loads are specified on TABLED1l, TLOADl, and DAREA cards. The
structure was considered as having free-free boundary conditions.
Comparisons of the NASTRAN results were made with one-dimensional
stress wave code which uses the method of characteristics and
also a one~dimensional closed form standing wave solution. These
latter solutions do not include the effect of hoop stress as the
NASTRAN element does.

The standing wave solution was obtained for a frece-free bar
loaded at the end x = 0, by a force which is a ramp to time tg
and a constant Fo after t?. The displacement of the bar is
given by (see reference 4

0¢teto
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e first term is the rigid body motion. The second term may be
ooked upon as the static deformation; the series represents the
harmonic oscillation terms. The stress can be computed from

L I I R L < T

-
QU
1

W Figure 7 shows a comparison of displacement at the end

(x = 0) where the force is applied and at the midspan (x = 152.4
~ “Fm). The NASTRAN solution follows the simplified theoretical

-~ polution reasonably well. Figure 8 shows a comparison of the

" hxial stress at the neutral axis of the first element and the
* jnidspan element. This axial stress was used since the theoretical
‘-~ polution ignores bending stress. The comparisons are, in general,
i, ‘hot bad. There appears to be some long-time effect, but this
a1 ght be due to the rather large element size used in the NASTRAN
- ‘yBolution. Figures 9 and 10 show similar comparisons, except a 7
#-Bhorter rise time was used on the loading functions. Figure 11 !
shows a comparison of axial stress at the first element and
nidspan element for a trapezoidal loading pulse. Again, the
.- fomparison with the one-dimensional stress wave thecry is «
-feasonably good. - -

ELGENVALUE ANALYSIS OF HYDROBALLISTIC MODEL

wﬁ.,_,_m,-
r
g

Ll The hydroballistic model and the finite element discretization ;%%;t
fhre shown in FPigure 12. The length of the model is 345.12 cm and e

e body diameter is 34.29 cm. It consists of a thick-walled
itanium nose section and ring-stiffened aluminum mid and tail
gections. The aluminum skin is .794 cm thick. Pour equally
.paczd fins are attached to the midsection and four to the tail
section.

The blunt nose of the model causes the load at water impact
o be nearly axial. Therefore, the axial mode of vibration of

: e model was examined. Pigure 12 shows the 74 rings and 74
a.bonical shell elements used to represent the model. The neutral
Axis of some of the elements has been moved instead of retaining
e original positions and using MPC's to connect the rings.
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The reason is that in a static analysis of a clamp band which

had MPC'd rings at discoutinuities in section, an ill-conditioned
stiffness matrix was obtained. The "epsilon sub E" check yielded
values on the order of one. Since the changes in stiffness of
the hydroballistic model sections were even more severe, it was
thought that for a first solution, a slight loss in accuracy from
modifying the model would be acceptable.

The eigenvalue analysis was performed for axial vibration
by allowing radial and axial displacement and axial rotations at
each ring. Thus, a 222-degree-of-freedom model was analyzed.
The first ten modes of vibration are given in Table 1. The
fundamental mode of 282 cycles per second seems reasonable.
Shifting the neutral axes of some shell sections yielded a
well-conditioned matrix with the "epsilon sub E" check having
a value of 3 x 10-13,

The transient response to an axial impulse will be obtained
and the results compared to the data obtained from the instru-
mented hydroballistic model with a water-entry velocity of 305
meters per second.

CONCLUSTIONS

The results obtained from using the NASTRAN conical shell
element agree well with theory. Using a 90~degree orientation
for the conical shell element and an MPC for representing a ring
stiffener yields excellent results. However, using MPC's to
connect discontinuities in neutral axis radii can lead to ill-
conditioned matrices.

Using the conical shell element in static analyses is
routine. However, in the process of applying rigid format nine
direct transient analysis) to conical elements, a number of
nor-standard procedures must be practiced in order to obtain B
the results. The P field in the DAREA bulk data card must be
determined by the following formula:

P = ring ID + 106 « (larmonic + 1)

In the case control deck, reference to "grid points” is by the

same formula. In the executive control deck, an alter must be
used to switch to Sort 1 output. This cnables the output to be
printed in an orderly fashi~on.

It is hoped that some of the bugs encountered in using
the conical shell element will be eliminated so that more use
can be made of it. For axisymmetric structures subjected to
loads which may be accurately expressed with a small number of
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harmonics, it is less costly to use this element than to model
with a large number of plates.
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Table 1 - Eigenvalues for the Hydroballistic Model

Mode Number Eigenvalue (cycles/second)

1 0.0
2 282
. 3 644
? 4 843
i 5 1365
j 6 1692
§ 2300
| 8 2582
| 9 2975

a5 ;
| 10 3194

e
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DYNAMIC ANALYSIS OF A LONG SPAN, CABLE-STAYED FREEWAY
BRIDGE USING NASTRAN

By W, L, Salus and R, E. Jones M. W, lce
Boeing Aerospace Company Boeing Computer Services, Inc.
SUMMARY

The dynamic analysis for earthquake~ and wind-induced response of a long span, cable-
stayed freeway bridge by NASTRAN in conjunction with post-processors is described,
Details of the structural modeling, the input data generation, and numerical resuits are
given., The influence of the dynamic analysis on the bridge design is traced from the
project initiation to the development of a successful earthquake and wind resistant con-
figuration.

= g oy gt e

INTRODUCTION

During the summer of 1972, plans were formulated to design and build a new freeway
bridge in Seattle, Washington, crossing the lower Duwamish waterwoy. This structure,
called the West Seattle Freeway Bridge, is to provide a four lane highway and public
transit connection between the city and the nearby residential and commeicial area of
West Seattle. The Duwomish waterway at this location is navigable by largs vessels
and the bridge is required to be both high and long, so as not to interfere with the
water traffic. For these and esthetic reasons, o cable~stayed design was de:zided upon.
Figure 1 illustrates the initial design concept(l), Planview and elevation view curva-
tures are required by the orientations of the connecting freeway approach structures.
The main foundation, supporting the tower from which the cables are suspended, is
located near the edge of the waterway channel, ond all foundations are supported by
piles driven into the deep, soft, saturated soil at the site. The initial design incor-
porated a deck structure consisting of a slab supported by girders and a rizid-frame
type of tower structure, as shown in the figure.

Because of Seattle’s location in an earthquake zone, and becouse bridges such as the
West Seattle design are subject to wind-induced oscillations, it wos decided by the
Seattle City Engineering Department to conduct o thorough dynamic analysis. The
Boeing Company was engaged to perform this anolysis.

(1)  Configuration and detail design data shown in this paper were provided by tha
firn of Knoerle, Bender, Stone, aond Associates, Inc., Consulting Engineers,
Seattle, Washington; retained by the City of Seattle to perform the engineering
design for the Waest Seattie Freeway Bridge project.
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The initial work plan included analyses of a number of different bridge preliminary de-
signs, including both concrete and steel deck constructions, in support of the develop-
ment of a firal structural design concept. Finite clement analysis was decided upon.
The need for parameter studies of the configurations of the deck, pile foundations, and
the tower and pier structures was forseen. Thus, a large number of analyses, with
little setup time between them, was anticipated, and a simple computer model was de-
sired, However, the nature of the deck design, particularly the combination of gir-
ders with a long span curved in both elevation and planform, suggested that a complex
structural behavior might occur, requiring a correspondingly careful structural modeling.
Therefore it was decided to perform two types of analyses, the first quick and simple,
representing the deck structure as o single curved beam, and the second more detailed,
representing the structural components of the deck by individual finite elements in the
computer model. Figures 2 and 3 are computer plots which illustrate these two mo-
dels. Though Figure 3 is quite crowded with eiement lines, the individual girder web
and flange elements can be seen at the right end of the span. A verification of the
validity of the data computed with the simple model was planned to be obtained by

a comparison of its modes and frequencies with those of the complex mode. This, in
addition fo arranging the coriputer coding to facilitate converience in parameter stu-
dies, constituted the overall work slan for the structural modeling.

The specific goals of the dynomic analysis were the calculation of earthquake-induced
stresses in the structure and the calculation of the critical windspeeds at which aero-
dynamically induced unstable deck oscillations could occur. Predictions of these data
were made on the sequence of bridge designs which were generated as the project
developed. It was found that both earthquake- and wind-induced responses are critical
design conditions, and that the initial types of design configurations were not capable
of withstanding these responses (Refarence 1). On the basis of these early evaluations,
criteria were developed for achieving dynamically sotisfactory designs. Principally,
these criterio specified the frequencies of the structural vibration modes to avoid

large earthquake response and specified the deck torsional stiffness and the shope of
the deck cross-section to avoid wind-induced unstable oscillations.

The criteria led to a modification of the deck cross-section to the slant-sided, multi-
cell closed section shown in Figure 40 and to a modification of the tower to the wall-
type configuration shown in Figure 4b. Designs incorporating the features of Figure 4
are satisfoctory for both wind- and earthquoke-induced dynamic response. Currently,
additional studies aie underway to optimize this basic design for earthquake resistance
oy adjusting its vibration mode frequencies to avoid the known frequencies of princi=
pal earthquake excitation. This work hos achieved a significont reduction in the re-
quired reinforcing steel. The detail design phose of the work will continue to be
supported by dynomic analysis until the design is finalized, in the fall of 1973,

This paper discusses those aspects of the work which are associated with the finite ele-

ment idealization and the tnodal anclysis. This work has bean done with the NASTRAN
system, which hos proved to be a highly effective tool in this application.
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% SELECTION OF NASTRAN

® The NASTRAN system has several features which are advantageous for thic problem,
5 leading to its choice over other available structural analyzers. Several of these fea-
£ tures are mentioned briefly in this section; others are discussed in more detail in later
§ descriptions of the finite element idealizations. The use of combined cylindrical and
;cudesion coordinates was helpful in modeling the combined circular arc and straight
Eline geometry of the bridge planform. The ability to specify nonstructural mass on the
ECBAR elements was useful since structural data were provided in the form of mass per
&running foot on major structural members. The multi-point constraint feature was parti-
gcularly useful for representing the connectivity between different portions of the bridge
Estructure, In particular, this was necessary to represent proper connections of the
gdeck structure to the supporting cables, piers, and the tower, and to represent the
$footing connections to the piles. Multipoint constraints were also used in the more
fcomplex model (called the 3D model) to connect the individual girders to the deck
slob. The NASTRAN plotting feature was used to obtain pictorial descriptions of the
Istructural vibration modes. In the case of seismic analysis this is particularly impor-
ant, because seismic response is strongly dependent on both the shape and the direction
f principa!l modal motions., Hence, pictorial data pemmit a quick, jualitative ossess-
ent of the likely seismic importance of the structural modes. And finally, since the
ismic and flutter analyses were done by additional processing of the results of the
odal analysis, a convenient data access system such as the NASTRAN caeckpoint/
estart tape feature was required. Thus NASTRAN appeared to be particularly well
ited to the technical requirements of the problem.

dditional motivation for using NASTRAN was provided by the availability of Boeing's
input language, SAIL, which has been adapted for NASTRAN input. Most of the bulk
ata were generated automatically by the use of SAIL. Bridge geometric data were
rovided in equation form, which can be coded directly in SAIL's outomatic grid point
eneration format, In addition, SAIL has the copability to generote data within
ciol (parometer-controlled) subroutines, called external data generators. Externa!
cta generators were used to generate NASTRAN multi-point constraint equations, the
irder plus slab deck simulation of the 3D model, and the pile foundation simulations.
hsse data generation routines are designed such that o set of input parometers con-
grols the generation of data. By changing o few of these porometers, a complete new
et of data can be produced, simulating a new design concept. Through such auto~
atic input generation it was possible to obtain rapid turnoround of analyses to support
he design development.

separcte computer progrom was written to perform the seismic onalysis, using the
sponse spectrum analysis method. This onalysis requires the mode shapes, frequencies,
eneralized moss, and internal element forces produced in the modal analysis. The
NASTRAN checkpoint/restart tape provided access to these data. Since NASTRAN
ormally does not checkpoint element forces, o simple Alter was used to checkpoint

he element force file OEF1,
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BEAM (STICK) FINITE ELEMENT MODEL

Purgose

To perform dynamic analysis in support of design trade studies, o simple model of the
bridge structure, easily modified and with reasonobly short run time, woas set up.
Called the "stick" model, it uses simple, beam type representations of all structural
components. Because of the simplicity «f this model, it wos possible to make para~
metric studies of important parameters, such as the tower stiffness and the earth lateral
resistance to pile motions, in order to ussess the importance of these factors early

in the program.

Description of the Model

There were two basic configu-ations from which the parameter studies were made: the
stéel bridge alternate ond the concrete bridge alternate. The models of each of these
configurations included the tower, piers (four piers in the steel model, three in the
concrete model), the footings, piling, and earth springs to represent lateral earth resis-
tance to pile motions, ond the deck itself. The modeling of the piers, footings, piles
‘ and earth springs was of primary importance in seismic response. The deck modes and
= ' consequently the deck modeling were of primary interest in the flutter analysis. The
finite element modeis included the main span portion of the overall bridge structure,
which is defined by the locations ot which the deck bending continuity with the ap-
proach spans is ferminated. This arrangement resulted in onalyzing the main span plus
several shorter adjacent -oons, as required for the particular configuration in question.

W A PP g v @5 ver At mt ve o
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Figures 5 and 6 illustrate tl:e stesl and concrete finite element models. The outward

appearances of the ‘wo models ore alike except that the concrete model has one less

pier and a slightly modified tower appearonce. In reality, however, the deck proper-

‘ ties obviously change as do the grid point locations and all moss ond stiffness proper~

i ties.

kaﬁ; - The deck geometry in the plon view is a straight line for somewhat less than half the
S spon and o circular urc for the remaining part. The steel bridge initia!!v analyzed is
E 1215 feet long ond the concrate bridge is 1040 feet long. The deck describes o para-

bolic arc vertically with o peck elevation of 156 feet. The deck structure consists of

e the concrete slab of the roodbed ond the integrally constructer: .. crete or steel sup-

' porting girders. The outermost girders ore of fascia box consii: .- . Figure 1C showe

a typical cross section for the concrete olterna*e. The section pioperties change along

the span as required by the design moments and the applicable design code loading

’ conditions.

The tower supports the deck through pin supports . The four cable stays attach to the
\ top of the tower onc to the deck 175 feet or either side. The plers support the deck
! by roller type supports which pemit relotive .ongitudinal motions. The tower ond pier
footings ore supp~rted on pile groups which vory in size with 306 piles moximum for
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the tower and 66 piles minimum for one of the piers.

The piling simulation is shown by Figure 7. Both pile elements and elements represent-
ing earth lateral stiffness are employed. Four simulated piles can provide a correct re~
presentation of pile group behavior, and this number was chosen to keep to a minimum
B the number of elements in the model. Each of the four piles ir a simulated pile group
& consists of two “BAR elements, and is fixed at the base (called the point of fixity) and
B provided with four sprinys (oriented parallel and perpendicular to the span) to resist mo-
£ tion relative to the surrounding earth. In the figure, for simplicity, earth springs are
& shown on only one pile. The point of fixity is determined from a detailed pile deflec-
£ tion anclysis*, aond is the uppermost point at which zero pile bending slope occurs to-
¥ gether with a very small pile deflection.

g% The earth spring element properties are defined by effectively integrating the distributed
f earth lateral stiffness over o pile length which is considered tributory to o particular pile
£ grid point. The application of earth lateral resistance at only two points on the pile is
B on approximation of a ty.e customarily made in discrete element analysis, and would not
¥ nomally be o couse for concern. In the present case, however, because lateral earth

g stiffness was found to be a very important parometer, it was desired to verify the ade-

S quacy of the discrete representation. This was occomplished by comparing pile deflec-
3 tions computed for the two grid point pile to those obtained for a many grid point -

B many earth spring representation. The two grid point pile was fourd to predict deflec-
% tion within 10% at the top of the pile. This accuracy iz suitable for the dynamic au-

B alysis, and further refinement wi:hin the frumework of linear eiastic analysis does not

3% oppear worthwhile,

The simulated pile and earth spring stiffnesses in the finite element model are determined
B to provide the actual combined stiffness of the entire pile group. Denoting by k‘\ the

{ earth spring stiffness which would be computed for one actual pile within a pile group,
the following is the spring stiffnesces required in the finite element simulation.

k =k, . N.)

hmodel P 3
N is the number of piles in the grup. The 1/4 factor distributes the total group earth
N lateral stiffness to the four simulate! piles. In oddition, the piles are located withir
[the footing area (Figure 7) such that the rmoments of inertia of e simulated pile oreas
about the focting longitudinal and transverse axes motch those of the actual pile grouvp.
This provides simulation of pile group bending stiffnesses. The use of N in the k for-
mula would appeor to presume that all piles in the group sustain equal lateral |
I from the earth. Since this is known to be urtrue, an adjustment was made in the k.h
earth property to account for group pile action., The combination of group actior and
vibratory behavior in the eorthqual= was accounted for by taking k to be one-sixth the
B static, single pile value. This adjustment is based on reported rosoorch on group pile

" Polnt of fixity and earth lateral stiffness data were provided by the fim of Shannon
ond Wilson, Sofl Mechonics and Foundation Engineers, Secattle, Washington,
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action” ', However, in application to a particular pile group, such a factor is reces-
sarily arbitrary, and it was felt necessary to evaluate the sensitivity of the structural
behavior to variations in k, . To accomplish this, a number of computer runs were made
with widely varying earth spring stiffnesses. It was found that modal and earthquake
response data are very sensitive to changes in earth spring stiffness for the case of rela-
tively soft springs, with structural internal loads generally increasing with increasing
spring stiffness. The final recommended spring stiffnesses are quite high, however, and in
this range of values the modal and response data are reasocnably insensitive to earth
stiffness modifications.

The use of beam elements to represent the deck structure is an accurate idealization for
all deformations except torsion. [n the case of deck torsion, because of the torsion-
bending behavior of the girders, o beam representation is necessarily approximate. The
nature of ‘he torsion-bending action is such that the effective torsional stiffness of the
deck depends on the torsional mode shape, or wave length, to which the deck is sub-
jected. This situation makes it possible to determine the deck torsional stiffness with
acceptable accuracy by calculating the stiffness to correspond to the deck torsional vi-
bration mode of greatest interest, The deck torsional modes are important principaily
because of their possible involvement in unstable aerodynamic motions (flutter). There-
fore, the deck torsional stiffness was chosen specifically to obtain accurate modal data
for the lowest (most flutter-critical) deck torsional mode. The half wave lcngth (one
lobe) of this mode (see Figure 1) is about 200 feet. Using this length, and postulating
reasonable girder bending deformations in participation with deck torsional deflections,
the girder torsion-bending contributions to the deck effective torsionai stiffness were
determined, These contributions are summed with the true torsional stiffness contribu-
tion, i.e., those of the slab and the closed box stiffness of the fascia girders, to ob~
tain the total approximate deck torsional stiffness.

This procedure necessarily leaves higher deck torsional modes with less accurate (too )
low) torsional stiffnesses, and in general leaves overall bridge modes somewhat in

error, These errors are negligible since, in the former case, only the lowest deck
torsion mode was found to be a possible flutter candidate, and in the latter case the
overall bridge modes are dominated by tower and deck bending and gross deck transla-
tional influences. [t should be noted again that the torsion approximations were neces-
sitated by the need for a simple, rapidly computed model. To completely resolve the
deck torsion problem, as was done in the 3D model, wouid have sacrificed the utility
of the stick model in the rapid turnaround design support activity. This was an unsatis-
factory alternative. Moreover, calculations of the stick and 3D model modes confirmed
the accuracy of the approach used.

Coding Details

The SAIL (Structural Analyzer Input Languuge) input language (Reference 2) was used in
conjunction with NASTRAN bulk data in setting up the structural idealization. Details
of the coding are described briefly below.

M This adjustment was provided by the firm of Shannon and Wilson.
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Geometry: In using SAIL, the bridge geometry was programmed in the same form
as it was provided by the design engineers. The grid point coordinates were
coded in terms of "nose stations", the independent coordinate employed to mea-
sure distances along the deck cen’ .line. The input was greatly simplified through
the use of NASTRAN's multiple coordinate systems. Cylindrical coordinates were
used for the portion of the bridge to the left of the tower in Figures 5 and 6,
which is a circular are in planview. The remaining straight segment of the bridge
was input in the rectangular cartesian coordinate system. In the vertical plane,
the deck describes a parabolic arc of the form

(Nose Sta - 17070.)2
36666.67

which was coded directly into the SAIL input deck. An important advantage of
the SAIL input lies in the fact that variable gridpoint locations and variable num-
bers of elements are handled in so simple fashion that generation of multiple ideal-
izations is a minor task.

Z =155,7 -

B I

LRy

2.  Multiple Point Constraints: MPC equations were found to be a convenient and

; powerful tool in representing the various connectivities encountered in the bridge
i structure.  Structural ideclizations using MPC equations are described briefly
f\_ ~ below.
! (a) The cables are rigidly attached fo the deck at offset nodes.
(b) The deck is attached to the tower structure in such a manner that all de-

grees of freedom except deck vertical bending rotation are required to be
compatible. In addition, the deck elastic axis is offset (vertically above)
its supporting cross member in the tower structure, because of the depths
of the girders, the cross member, and the bearing fitting hardware.

(c) Similar to the tower attachment described above, the vertically offset deck
attachment to the piers was enforced by MPC equations. In this case the
connectivity between the longitudinal motions of the deck and the piers
was in some designs pinned and in some designs represented by a roller

= support .,
e (d) All footings are connected to the upper ends of the piles by full fixity con-
| ST ditions enforced by MPC equations.
e (e) In the complex (3D) deck idealization discussed later, MPC equations pro-
'-"rfi S vided the connectivity between the girder webs and the deck slab represen-
Lol tation,
, ‘fs The repetitive nature of MPC equations suggests their generation by a subroutine.

This is discussed briefly under item 3., below,

3. External Data Generators (EDG):
@ The extemal data generator is a feature within SAIL which provides a
subroutine type of input generation capability. It is most conveniently
used for multiple generations of large groups of similar elements and/or
grid points, In the present problem, this situation occurs for the pile
foundations. The pile group, including the footing, is a set of 25 elements,
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29 grid points, plus multipoint and single point constraint conditions. All
of these input data are prepared by the EDG, in the manner of a subrou-
tine, nceding only one set of coding for any number of foundation designs
to be generated. The use of the EDG pemmits simple and rapid parameter
studies on items such as stitfnesses, dimensions, etc., of the pile founda-
tions.

(b) The extensive use of multiple point constraints was simplified by creating
EDG's specifically for the generation of MPC equations. This was done
for both cylindrical and rectangular cartesion coordinate systems. The
parameter set for the EDG consists of a list of the two or more nodes to
be constrained. The EDG recovers the coordinates corresponding to these
nodes and automatically calculates the constraint equations for a full six
degree of freedom connectivity. This is particularly useful when cylindri-
cal equations are employed and in parametric studies where grid point
changes would otherwise require numerous, potentially erroreous, hand cal-
culations. The EDG for the pile group generation, described above, calls
the EDG for MPC equations as required to fix the piles to the footings.

Computation Details

The steel bridge idealization shown in Figure 5 was analyzed in 23 different configura-
tions corresponding to various design changes and parameter studies. The basic model
consisted of 199 grid points, 95 CBAR elements, and 80 CONROD elements. There
were 166 MPC equations which in combination with boundary conditions and matrix re-
ductions reduced the ecigenproblem to 158th order. The runs averaged 6 minutes CPU
time on the IBM 370 to extract the eigenvalues by Givens' Method and compute

70 modes. About one-third of the computer time was spent in applying the MPC equa-
tions. The basic concrete bridge idealization shown in Figure 6 was analyzed in 5 dif-
ferent configurations. The model consisted of 167 grid points, 84 CBAR elements, and
64 CONROD elements. There were 149 MPC equations which in combination with
boundary conditions and matrix reductions reduced the eigenproblem to 143rd order.

The runs averaged 5 minutes 48 seconds CPU time on the IBM 370 to extract the eigen-
values and compute 70 modes.
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- THREE-D MODEL

Purpose

Although the stick model was conceived to be acceptably accurate for both the seismic
and flutter studies, a refined idealization, the 3D model, was set up for the concrete

" alternate to verify the stick model accuracy. The model was called 3D in reference to
the idealization of the bridge deck by a slab element (represented as a beam) and indi-
& vidual girder web and flange elements. The beam type idealization of the tower, piers,

& footings, and piles is unchanged from the stick model. A computer plot of the structure
¢ is shown on Figure 3.

" As discussed earlier, the weakness of the stick model lies in its simulation of deck tor-
B:sional stiffness as that of a single member, while in reality the built-up deck resists

Etorsion largely through girder bending. Therefore, the 3D model has as its purpose the
b accurate representation of girder bending participation in the overall deck deformations.

y Description of the Deck Model

i+

B Figure 8 shows schematically three types of behavior of a slab-girder deck. The first
yfwo apply to a bridge curved in planform, and the last applies for either straight or
bcurved decks. All indicate that deck bending, either vertical or horizontal, will couple
g with torsion. The three cases are explained in the text of the figure, Basically, the
coupling results from two facts: (1) in curved decks, torsion results in fower flange mo-
tion toward or away from the center of curvature, with a consequent tendency toward
hoop stresses; (2) in horizontal bending of slab-girder configurations, the elastic shear
tforces are aligned with the shear center of the section (cbove the deck) while the inertia
g forces are aligned with the mass center, The tendency toward coupling of bending and
Btorsion which is described by the figure will affect vibration modes by tending to make

it he mode shapes three-dimensional in character and difficult to identify as pure bending
or torsional motions.

ot
In order to represent these coupling tendencies in the finite element mode, it is neces-
sary to meet several requirements: ‘ -
1. Individual girder flanges must be represented in at least axial and horizon= 3
tal bending properties. i3
2., Diaphragms, cross-bracing, and girder web lateral bending stiffness, all of
which control lateral motion and therefore hoop forces in the flanges, must ¥h9
be modeled.
3. Flanges must be properly "driven" by the webs; therefore webs must be at- %
tached to the slab in such a way that continuity of displacement and rota- 3
tion components is provided. kS

4, Structural masses should be properly located.
BAIl of these requirements were met except the fourth, In the ~'.ocation of the masses,

to simplify the computational problem, the deck mass properties were concentrated at “f
Bthe centerline of the slab, For the desigrs studied, however, the resuiting error in mass A
—_— m
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placement was very smail.

Figure 9 shows the elerients used in the 3D model. The deck slab is represented as a
beam having axial, vertical and horizontal bending and shear, and torsional stiffnesses.
The centerline of the slab is assigned the deformational freedoms of the deck structure,
which are the six linear and rotational displacements. All deck motions are constrain
to these six freeaoms. The fascia box girders have a closed cell torsional stiffness.
This stiffness was added to the torsional stiffness of the deck slab. Flanges are repre-
sented by beam elements which have axial and horizontal bending and shear stiffnesses.
The handling of the webs presented difficult problems. It is known, and was further
verified by calculations, that the NASTRAN plate elements with bending, shear and
direct stress stiffnesses are of poor accuracy when used as web elements of girders,
particularly for unsymmetrical cross sections. The erroneous behavior arises from the me:
brane stiffness of the plafe. In order to avoid this difficulty, the girder webs were re-
presented by combining shear-only plates with bending plates whose only stiffness is
lateral bending. Because the latter plates connot maintain the spacing between the
flanges and the deck, posts are used at the ends of the elements. The axial-force
stiffnesses (areas) of the girder webs are assigned to the deck slab and to the lower
girder flanges such that: (1) the elostic axis of the composite deck in vertical bending
is preserved; (2) the bending moment of inertia of the web of each girder about the
composite deck elastic axis is preserved. These conditions provide acecuracy in girder anc
deck bending and torsional behavior. Axial stretching stiffness of the total deck struc-
ture, an unimportant factor in the modal analysis, is approximated by these conditions.

Coding Details

As with the stick model, the 3D model made use of botk external data generators and
multiple point constraints. The geometry was complicated by the banking of the bridge
deck (superelevation). Again due to the repetitive nature of the input, SAIL was uni-
quely suited for data preparation. The principal coding problem is the generation of gr
point and constraint data for the nine girders.

The deck centerline geometry and the variable superelevation were computed within the
SAIL coding, using the equations and data provided by the designers. Using the com-
puted centerline and superelevation geometrical data in the input parameter set, along
with component structural data, the deck structure EDG was called. The EDG set up
the upper girder web (and flange) grid points, the lower girder web (and flange) grid
points, the girder flange and web elements, the MPC equations which serve to couple
the girder elements to the six freedoms of the deck centerline, and in addition defined
the freedoms to be reduced in the eigensolution. The MPC equations rigidly connect
the upper girder web grid point freedoms to the six freedoms of the grid points on the °
deck slab centerline. The EDG is called once for each nose station at which a deck
grid point is located, thus significantly reducing the magnitude of the coding task.
This idealization in effect imposes deck cross~sectional bracing (diaphragms) at each dec
grid point. This is o correct requirement since the designed diaphragms are located at
approximately the same nose station spacing as are the deck grid points.
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Computational Details

The 3D concrete bridge model shown in Figure 3 was subjected to modal analysis. The
finite element idealization consisted of 623 grid points, 242 CBAR elements, 280 CON-
ROD elements, 207 CQUAD]1 plates, and 207 CSHEAR webs. There were 1945 MPC
equations which in combination with boundary conditions and matrix reductions reduced
the eigenproblem to 149th order. A CPU run-time of 19 minutes and 20 seconds on

the IBM 370 computer was required to extract the eigenvalues by Givens' Method and
to compute 20 modes.

f SEISMIC AND FLUTTER ANALYSES

B The seismic analysis was performed by the response spectrum method. The full details of
L this method are outside the scope of this paper. Portions of the overall methodology are
, described in Reference 3. The earthquake input data used are in the form of response

¢ spectra, and are specifically derived for the West Seattle site conditions .

i The bridge response was determired in terms of its normal vibration modes. The response
| spectrum method provides maximum individual modal responses to the earthquake excita=
tion. Modal summation is required over very few modes, for most earthquake analyses,

§ and is done either as an absolute value sum or a root-square-sum, based on judgement
and recommendations from past experience (Ref. 3)

The response spectrum method uses for input the modal analysis data, consisting of vibra-
| tion mode period, generalized mass, and mode shape. In particular, modal response de-
| pends on the degree of coupling between the mode and the uniform vector field which
describes the motions of the earthquake. This aspect of the seismic analysis requires the
accessing and processing of very large amounts of structural and modal data. A new
computer program, used as a NASTRAN post processor, was written to perform the work.
This program obtains all needed dota from the NASTRAN checkpoint/restart tape. The
set of data read from the tape consists of files EQEX. ¥, GPDT, MGG, LAMA, PHIG,
and OEF1. The complete modal and seismic analysis -an be done in a single computer
run, or the NASTRAN and seismic runs can be done separately. The seismic post pro-
cessing program was found to be very convenient and provided a rapid analysis tool.
Overnight turnaround on combined modal and seismic onaiyses was routinely obtained.

Flutter analysis was done for two types of flutter mechanisms: (1) single degree of free-
dom stall flutter; and (2) classical bending-torsion flutter. The calculations were done
by existing Boeing flutter analysis programs, based on theoretical methods which are be-
yond the present scope. Aerodynamic data were obtained from wind tunnel tests on
models of the various bridge deck sections, and modal data were obtained from the NAS-
TRAN analyses, A subroutine within the seismic program was used to read the nomal
modes from the NASTRAN checkpoint/restart tape and to punch out on cards the required
rotation and vertical translation displacements of the deck.

1 Data provided by the firm of Shannon and Wilson
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TYPICAL NUMERICAL RESULTS

Seismic Analysis

Each modal analysis computer run provided complete modal data, including element in-
ternal loads, and also SC4020 plots of the mode shapes. Figures 10 and 11 are com-
puter plots of the modes which were predicted to be the most important seismic motions
of the West Seattle bridge. The plots shown are for the concrete alternate, but all
configurations show essentially the same principal types of motions. The first is a lat-
eral swaying and the second a combined 'ongitudinal - vertical motion which is strongly
influenced by the cables. The latter is the bridge fundamental mode. These modes
are important seismically for two reasons: (1) their modal frequencies lie in a range of
strong seismic input; {2) their mode shapes involve essentially unidirectiona! motions of
the major bridge masses, thus obtaining strong coupling with the uniform seismic exci-
tation.

-

Figures 12 and 13 show tower moments and shears which were computed for the initial
steel and concrete designs. The moments and shears shown are those resisting a lateral
swaying motion, and are caused primarily by modes of the type of Figure 11, The
stresses for the concrete alternate are larger than those for the steel due mainly to the
greater deck mass of the concrete design and the close proximity of the concrete modal
period to a period of strong seismic excitation. These results proved excessively severe
for strength design purposes.

As described earlier, the dynamic analysis was continued in support of trade studies for
the development of a design configuration which is satisfactory for earthquake conditions
Figure 14 shows the results obtained for a set of seven designs which differ from one
another primarily in tower configuration. All designs utilize a steel deck structure.
From these results tower alternate A was chosen as the recommended configuration .

The figure lists the modes and modal periads which are critical for both longitudinal
and transverse earthquake excitations, and gives the resulting maximum tower bending
moments, The curve shown in the lower right corner of the figure is the earthquake
response spectrum used in the calculations,

As discussed earlier. a matter of concern was the effect of the approximation of the
deck torsional stiffness on the accuracy of the stick model modes. It was for this rea-
son that the 3D model was used to compute a more accurate set of modal data. Figures
15 and 16 show 3D model modes corresponding to the stick model modes of Figures 10
and 11, The agreement in mode shape is excellent. Figure 17 shows the lowest 3D
mode! mode in which deck torsion is important. This mode shape justifies the manner
of computation (the choice of wave length) of the stick model deck torsional stiffness
which was described earlier. Figure 18 shows a comparison of stick model and 3D
mcdel modal data for the first ten modes for the concrete alternate. The frequencies -
are tabulated together with a brief description of the modal motions. Note that in
several cases corresponding modes have changed order slightly, due to small changes in
closely spaced frequencies. A careful study of all modal data has shown that in the

1 The defining of these configurations and the choice of tower alternate A were
done by the firm of Knoerle, Bender, Stone, and Associates, Inc.

154



Py e e

e TRt S PR SU
-

.
i N e o B —e R

.

REPRODUCIBILITY OF THE ORIGINAL PAGE 1S POOR.

et of the first ten modes only the ninth stick model mode fails to agree closely with a
:orresponding 3D model mode. All other modes show good agreement in both mode
haope and frequency.

‘lutter Analysis

B he flutter wind speeds weie determined for the initial concrete and steel designs and

M or the current configuration which has been optimized for dynamic response conditions,
5, ‘or the initial concrete and steel designs, respectively, single degree of freedom stall
lutter was predicted at steady horizontal windspeeds of 77 miles/hour in the lowest
orsion mode and 46 miles per hour in the fundamental vertical bending mode. For the
ptimized design a torsion stall flutter speed of 244 miles per hour was predicted, with
- he improvement primarily a result of improved aerodynamic shape of the deck section
d increased torsional stiffness of the closed box girder design.

E- ONCLUSION

E"he resuits of the dynamic analyses showed that the initial bridge designs were deficient
En their ability to withstand a major earthquake or a sustained high wind condition.
Erhrough the early dynamic analysis parameter studies, however, the directions required
Bor fruitful design modification were defined. A continuing program is in progress to

b mplement these modifications into the design. This work has resulted in a bridge con-
§iguration which is satisfactory in resistance to both seismic and wind-induced motions.
B _urrently, further design trade studies in conjunction with dynamic analysis are under -
Bvay to optimize the design of the lower portion of the tower and the bridge foundation
l¥For improved earthquake resistance.

Jones, R.E., and Wagner, R.T.: Dynamic Analysis of the Proposed West Seattle
Freeway Bridge. Boeing document D180-15357, 1973.

B . lce, MW,: NASTRAN User interfaces - Automated Input Innovations. NASA TM
X-2378 Colloquium, Langley Research Center, Hompton, Virginia. Sept. 1971,

B3,  Harris, C.M,, and Crede, C.E.: "Shock and Vibration Handbook", Volume 3
] McGraw=Hill, 1961, Chapter 50,
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f = 44 HZ
Figure 15: LONGITUDINAL AND VERTICAL MOTIONS -CONCRETE ALTERNATE

f= .70 HZ

Figure 16: LATEKAL MOTION - CONCRETE ALTERNATE
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f=1.03 HZ

Figure 17: LONGITUDINAL, VERTICAL AND TORSION MOTIONS

| - CONCRETE ALTERNATE
CONCRETE ALTERNATE - CONCRETE ALTERNATE -
i STICK MODEL 3D MODEL
; ; _ | FREQUENCY (HZ) MODE TYPE FREQUENCY (HZ) MODE TYPE
5 . 4689 Y, 2 .44 Y, 2
: 7132 Y, (P) .70 X
i .7305 X T Y, (P)
: .8109 Y, (P) .81 Y, (P)
.8537 Y, Z .81 Y, Z
: -9429 Y, Z .87 Y, Z
‘ 9513 Y, (P) .95 Y, (P)
; 1.014 Y, 2, T 1.03 Y, I, 1
é 1.065 X, Z, T 1.15 X, ¥, 7, T )
| 1.244 X, T 1.19 X, T
-
.
ST X = LATERAL
Y = LONGITUDINAL
Z = VERTICAL

T = TORSION
(P) = PIER ONLY

Figure 18: COMPARISON OF 3D AND STICK MODEL MODAL DATA
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NASTRAN ANALYSIS OF THE

1/8-SCALE SPACE SHUTTLE DYNAMIC MODEL

By Murray Bernstein, Philip W. Mason, Joseph Zalesak,
David J. Gregory, and Alvin Levy

Grumman Aerospace Corporation
INTRODUCTION

The Space Shuttle configuration has more complex structural dynamic char-
acteristics than previous launch vehicles primarily because of the high modal
density at low frequencies and the high degree of coupling between the lateral
and longitudinal motions. An accurate analytical representation of these char-
acteristics is a primary means for treating structural dynamics problems during
the design phase of the Shuttle program. The 1/8-scale model program was
developed to explore the adequacy of available analytical modeling technology
and to provide the means for investigating problems which are more readily

treated experimentally. The basic objectives of the 1/8-scale model program
are

(1) To provide early verification of analytical modeling procedures on
a Shuttle-like structure

(2) To demonstrate important vehicle dynamic characteristics of a
typical Shuttle design

(3) To disclose any previously unanticipated structural dynamic
characteristics

(4) To provide for development and demonstration of cost effective
prototype testing procedures

This paper constitutes a progress report on the program to date.
The work described herein has been conducted primarily under contract for
the NASA Langley Research Center.

DESCRIPTION OF STRUCTURAL MODEL

The model is designed to represent the important structural dynamics char-
acteristics of a Shuttle-like vehicle while keeping the fabrication costs low.
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The general arrangement of the model is shown in figure 1. The original basis
for the design was a 21.35 MN (L.8 x 106 1b) GLOW, 55.L74 m (182 ft) long
parallel burn configuration (Grumman Design 619). Subsequently, under Rockwell
International sponsorshiyp, the forward soiid rocket booster to external tank
attachment design was modified to a single point connection representing the
RIC prototype as of December 197-.

Figure 1 illustrates a mock-up of the 1/8-scale model which is approxi=-
mately 7.315 m (24 ft) from the external tank nose cone to the solid rocket
hooster tie-down plane. The total model is composed of 4 major comporents:
the Orbiter, external tank, and two solid rocket boosters. The Orbiter is
shown in figure 2, without the cargo bay doors, and in figure 3 with the cargo
bay doors and nonstructural plastic fairings that complete the contours of the
vehicle.

Figure 4 shows the Orbiter fuselage under assembly and figure 5 is a
NASTRAN plot of the finite-element model. The fuselage structural model is
approximately 3.543 m (11.625 ft) long, contains 21 frame stations, and is
constructed of 2024 aluminmum. The bottom shell of the fuselage is 0.635 mm
(0.025 in.) thick while the side walls and top shell are 0.508 mm (0.020 in.)
thick. The cargo bay doors are made up of segments of O.4064 rm (0.016 in.)
aluminum sheet that are attached to the frames. The details of the attach-
ment to the frames prevent the doors from resisting fuselage bending but
allow them to act in resisting shear.

The fuselage frames in the region of the cargo bay are constructed of
aluminum sheet that has been bent to form a channel section. The tapered
side wall channel section and the lower portion are attached back to back to
form a U-shaped frame. The major bulkheads are of stiffened sheet
construction.

The delta wing shown in figure 6 consists of 6 spars and 4 ribs that are
formed from 0.8128 mm (0.032 in.) 2024 aluminum sheet. The covers are
0.5080 mm (0.020 in.) thick. NASTRAN plots of the finite-element model are
shown in figures 7 and 8.

The fin structurn, which includes only the structure from the fuselage i
to the center of gravity of the physical fin model, contains 3 svars and a §
closure rib. The webs are 0.8128 mm (0.032 in.) thick while the covers are )
0.5080 mm (0.020 in.) thick. NASTRAN plots of the finite-element model are
shown in figures 9 and 10. :

A NASTRAN plot of the cargo bay doors is shown in figure 11 and a

schemstic 1llustrating the connection of the door shell to the door frames
is shown in figure 22,
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The 2xternal tank contalns four main components, the LOX tank, inter

© tanx skirt, L% tank, and the aft tank skirt. A NASTRAN plot of the entire

structure is shown in figure 13. Tie total structure is approximately

¢.858 m (270 in.) long and has a radius of 0.5029 m (.9.8 in.). The ortiter
interstage points are located totally within the LHp part of the external
~ank; the forward i.terstage a* station 148.756 transmits vertical and side
loads while the aft center-line interstage at station 245.753€ transmits

¢ thrust and side load. Inclined bars also at station 2L5.7556 connect with

the orbiter at B.L. 135.75 and with the tank at B.L. 16.4631 to provide the
necessary determinuate supports. The so0lid rocket booster is connected to
the tank at the forward end at the inter tank skirt. This pin connection
transfers vertical, side, and all drag loads. The aft tunk/SRB interstage
is located at tank station 270.988 and consists of 3 hars capable of trans-
mitting vertical and side load as well as roll moment,

The liquid oxygen tank, figure 14, is a shell of revolution composed of

B o conical shell, a cylindrical shell, and twyo quasi elliptical end domes

i which are each formed from two tangential spherical segments. The overall

B length is 1.98 m (78 in.). The tank is 2219 aluminum and all shell segments

B are welded at the joints. The primary gage is 0.508 ma (0.020 in.) with the
b lower dome being 0.406 mm (0.016 in.), end the total tank structnre is con-
f nected to the inter tank skirt via a Y-ring located at the aft end of the

& cylindrical portion of the tank.

Figure 15 shows the liquid oxygen tank connected to the inter tank

 skirt and to the forward tank/SRB interstage. Figures 16, 17, and 18 show

t additional details of the external tank structure. The LOX tank is of
& monolithic construction whereas the remainder of the externai tank is of

t ring stifizned sheet constructinn, the sheet being thickened where large
| drag loads exist. The LH, tank is 2024 aluminum and the overall length is

g .27 m (168 in.). The chem-milled tank skin thickness is primarily

g C.406 mm (0,016 in.) and typically increases to 0.635 mm (0.025 in.) in

"i}load carrying areas such as the orbiter interstage connections.

The solid rocket booster consists of a cylinder, a forward tank/SRB

j interstage, shown in figure 15, and an SRB aft skirt as shown in figure 19.
R The cylinder is 2024 aluminum and is approximately 3.7338 m (147 in.) long,

5,080 mm (0.2 in.) thick, and has a radius of 0.2477 m (9.75 in.).

A more complete description c¢f the model Jesign is presented in
(Reference 1. The significant structural dynamic characteristics to be

R represented in a model for various problem areas which are the basis for

a model design are described in Reference 2.
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ANALYTICAL MODELING PROCEDURE

Basic Philosophy

The entire vehicle has been analyzed by using NASTRAN, In
setting up the model and analysis procedures the following guide
lines were established:

(1) The model should be of sufficient refinement to adequately
predict overall dynamic behavior. No attempt would be
mzde to try to predict local panel motilons.

(2) The detail of modeling should be of sufficient refinement
to allow us to predict internal load distributions that
would be adequate for a preliminary design of the structure.
Although we had no intention of computing internal loads we
considered the analysis to be representative of an actual
prototype design situation and we were interested in how
NASTRAN would blend into a design environment.

UV ey v e

- .

(3) The total structure would be analyzed by employing sub-
structuring techniques to see how well this aspect of JASTRAN
would blend into a design enviromment. NASTRAN could, in prin-
ciple, of course handle the entire structure as a single unit,
but we did not feel that this represented a realistic situation.

} () Separate analyses of the 10X and SRB were performed to
' investigate the hydroelastic and viscoelastic capabilities
of NASTKAN.

(5) The NASTRAN weight analysis capability was used to calculate
the individual component and total weights for the nonfluid
portions of the model. A supplementary weight check was
conducted and the NASTRAN results adjusted where necessary.
Structural grid points were used as dynamic mass points using

Cos Guyan reduction as required. This procedure differs from

Grumman's usual practice, which is to establish a weights

A model indepcndent of the structural model. By this arproach,

- unit loads on the weights model mass points are then beamed to

e, appropriate structural node points. The dynamic model is then

o the same as the weights model or is a subset of it. This

RO procedure inhersntly results in a small dynamic model and

additional reduction schemes are not necessary. The equivalent

172




S

WY A S gy e e g e e

N
¥

reduction takes place in the beuming of the unit loads from
the weights model to the satructural model. This method was
not used because it would have required more extensive alters
to the NASTRAN rigid formats, it would not use NASTRAN weight
analysis capability, and it would have produced basic mode data
at non physical points which might hinder test correlationm.

Overall Analysis Flow

A schematic diagram of the analysis flow is shown in figure 20. As
indicated the Orbiter was divided into five substructures: fuselage,
cargo doors, fin, wing, and payload. Tne external tank was divided into
two substructures: the LOX tank and the aft portion of the external
tank that consisted of the inter tank skirt, LHp tank and aft tank
skirt. The solid rocket booster was handled as a single unit consisting
of the forward skirt, propellant cylinder and propellant, and the aft
skirt.

In the analysis each of the five Orbiter substructures was
analyzed to produce reduced stiffness and mass matrices for selected
dynamic points and interface attachment points. Modes for these
components were then obtained with the interfaces held, the exception
to this being the fuselage which was analyzed in a free-free state,
This was done to aid in checking and to help understand the behavior
of the combined vehicle. The five substructure stiffness and mass
tatrices were then merged to form total Orbiter mass and stiffness
matrices. These matrices were again reduced by "freeing up" the sub-
structure interrace points to yield final stiffness and mass matrices
that were used in the modal analysis.

As mentioned earlier, seperate analyses were run on the IOX tank and the
SRB to study the hydroelastic capability of NASTRAN and to investigate
the effect of the viscoelastic properties of the propellant on the
damping characteristics of the SKB. In the overall flow the SRB
matrices w re first reduced and then merged with the Orbiter and
external tank matrices to form a total Shuttle system of equations.
The 10X tank was not reduced in this process.

The aft portion of the external tank was reduced, analyzed
seperately, and merged with the other components in forming the total
Shuttle system of equations.
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Substructuring rrocedure

The basic substructuring procedure for combining elements as
presented in the NASTRAN User's Manual has been followed with som»
minor changas in the assumptions used, and with more extensive DMAP
alters. These alters are written for both Rigid Format 3 which permivts
the use of more efficient eigenvalue analysis procedures
while assembling the orbiter model and also for Rigid Format 7. The
latter is required because the hydroelastic model of thr L0~ tank
results in nonsymmetric mass and stiffness matrices which cannot be
treated in Rigid Format 3. The viscoelastic properties of the propellant
also are accurately representecd in Rigid Format 7.

The apalytical model is assembled in two phases. Tue flow diagram
for the analysis is shown in figure 21. In the first phase, each sub-
structure is analyzed and checked separately. The output from this
phase 1s assembled onto a copy tape for the symmetric and anti-
symmetric cas~s and then couplied in Phase 2.

Qe S T T e L

The following changes to the basic substructuring assumptions have
been made in formulating this procedure:

Any external supports present are included in the Analysis
Set (a-set).

Any zero stiffness degrees of freedom and symmetric or anti-
symmetric boundary constraints at the model plane of symmetry,
are included in the 3ingle Point Constraint Set. No other
degrees of freedom are included in this set.

Masgses which are associated with zero stiffness degrees of
freedom will be lost unless these degrees of freedom are -
"beamed" to adjacent points using Multipoint Constraints.

The interface degrees of freedom may be sequenced differently
and in different coordinate systems in any two substructures
to be coupled. Multipoint Constraints are used to relate the
appropriate degrecs of fre.dom irrespective of local coordinate
systems or initial s2:quencing.

c—

Although the general theory presented in the NASTRAN User's Manual for
substructuring is correct, it does not provide analy:is checks at various
critical points in the procedure. Structural plots provide analysirs
checks in this substructuring procedure but a.e not considered sufficient
for verifying more than structural tupology.

17h
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The following checks have been incorporated in the analysis by
means of extensive DMAP alters:

A rigid body check is made in Phese 1 afte. the generation
of the reduced stiffness and mass matrices. Temporary
rigid body suppeo-cs are included in the deck as SUFCGRT
cards for this purtose.

The structural transformation matrices Gm, Go and D are
used to generate equilibrium matrices for ‘the various
con~traint .ets e:-cept single point constraints. These
equilibrium matrices represent resultants about a chosen
origin due to unit applied loads at the appropriate
degrees of freedom.

Provision i made to compute either free-free modes or

free modes with the substructure held at th~ interfece.
This is necessary if each substructure is to be checked
independently in Phase 1.

A rigid body mass matrix relative to the basic origin is
computed and compared with the general mass matrix
calculated by the Grid Point Weight Generator. This check
verifies that no mass lias been lost in the reduction process.

The DMAP statements to perform these functions for Rigid Format 3
are presented in the Appendix.

Finite Element Model

The number of grid points and elements used in the five O~ iter
substructures are shown in table 1. The fuselage shell structure w2z
modeled uning CQDMEM? elements, 2 new element in NASTRAN but one that
has been used widely at G.umman. It is essentially a quadrilateral thrat
is composed of four triangles which have a coumon central node defin=d
by the intersection of lines that connect the midpoints of the opposite
sides cf the quadrilateral. The four cormer nodes need not lie in a
plane. The fuselage U frames (see figures 4 and 5) and keel wvere
jdealized using CROD and CSHEAR elements. Here effective cap areas
wvere calculated for the CROD elements to represent the appropriate
bending behavior. CBAR elements with appropriate offsets were used to
represent thin ring type frames such as the engine compartment closure
frame (see figure 2).
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The webs in the wing ribs and spars (see figures 6, 7, and 8)
were idealized with CSHEAR elements. Again the effective rib and
spar bending matericl was incorvorated into CROD elements
in the upper and lower covers. The covers themselves were represented
by CQDMEM? elements and some CTRMEM elements that occur at the leading
edge. Intermediate node lines that lie between the spar and rib node
lines were established to further refine the grid used in the covers.
The geometry of these lines is essentially set by the location of
fuselage frames.

The idealization of the fin follows closely the same scheme used
in the wing (see figures 9 and 10).

: The shell portion of the cargo bay door (figure 11) was idealized
i using CQDMEM2 elements with the exception of a few CQUAD? elements
that were required for local stability to provides an attachment point
of the doors to the fuselage. Tne door frames were idealized as
CSHEAR and CROD elements. Ncte that these frames contain two webs
(figure 12), one common lower cap, and two upper caps that connected
.to the forward and aft shell segments. This allows the doors to
breath in longitudinal direction.

\ Although provision was made for testing four payloed configurations,
the analysis included only one that represented the full up payload of
289 kN (65 000 1b). The stiffened box section payload was reprzsented
by a series of CBAR elements. The payload is shown mounted in the fuse-
lage in figure 2.

i The fluid in the IOX tank was represented by a network of four

i concentric fluid rings, 13 levels deep. The shell was ildealized as
" CQUAD2 and CTRIA2 plates while the Y-ring was represented by CBAR
elements. The shell was divided into 223° segments in the circumferential
direction and 17 stations in the meridional direction.

! The aft portion of the external tank (figure 13) was modeled using
CQUAD2 elements to represent the shell. Double frames exist at the
forivard and aft portions of the inter tank skirt and an additional
longitudinal node line is picked up in this region to account for the

SRB drag attachment and the stiffening that exists in the shell. Five
heavy frames exiat in the eft external tank; the first at STA G9.78
vhich is vhe forward tank/SRB interstage; the second at STA 148,756 which
is the orbiter forward interstage; the third and fourth at stations
229.156 and 2U45.7536 which pick up the orbiter aft interstage fitting;
and the fitth at station 270.988 whirh is the aft tank/SRB interstage.
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These heavy frames have internal struts to provide additional stiffening
to the interstage attachment points (figure 18). The remainder of the
frames are light and are included to prevent shell buckling. 1in the
prototype design, the real shell was stiffened in the longitudinal
direction. In the model this stiffening plus the skin thickness was
lumped to yield an effective thickness which was then scaled to the
dimensions of the l/8-sca1e'model. This was done for the sake cf
economy in constructing the 1/8-scale model.

The solid rocket booster finite element ideslization consists of
CQUAD2 plate elements (containing membrane and bending properties) to
represent the skin, straps, and plates; three-dimensional elements to
represent the propellant; and offset bar elements to represent tne frames
and longerons. A NASTRAN generated plot of th¢ outer shell is shown in
figure 22 along with the frame stations. The thickness of the forward
skirt varies from 1 to 6 mm (0.040 to 0.230 in.), the propellant cylinder
thickness is 5 mm (0.1875 in.) and the aft skirt thickness is 2 mm
(0.062 in.). The propellant is modeled by three layers (in the radial
direction) of three-dimensional elements whose properties are

El = 172,37 MN/m2 (25 x 103 psi), v = 0.49, p = 1716.15 ke/m
(0.062 1b/in3) and a structural damping factor B = 0.52 where
B=G"/G'=E"/E' (E=E'"+Ell, G=G"'+G"). The total weight of
the structure and propellant is 11 kN (2520 1b).

ANALYTICAL RESULTS

Orbiter Component Analysis

The analysis of the separate components conducted as part of
Phase 1 is used to establish confidence ir the finite element models
at that level. The NASTRAN generated weights were compared with those
determined independently and discrepanci=s were rectified. The vibration
eigenvalues and eigenvectors were calculated for the components restrained
at their supports, or free, whichever seemed most applicable. These were -
examined and any departure fromanticipated results was investigated.
This check helped uncover problems in the way constraints were specified
and some other data difficulties. The lowest frequency modes cbtained
during these component analyses were as follows:

Y
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Fuselage:
Free, symmetric . « + « ¢ v o 4 o « o« o« o 62.2 Hz 129.9 Hz
Free, antisymmetric . « + « « . « « « . . 89.1 Hz 128.3 Hz
Payload:
Restrained, symmetric . « + « + « + « « . 81.2 Hz 268.5 Hz 627.7 Hz
Restrained, antisymmetric . . . + . « . . 68.6Hz 175.L4 Hz LE2.8 Hez

Cargo doors:
Free, symmetric « « + o o ¢ o « o o o o 4,6 Hz 10.7 Hz 17.6 Hz
Restrained, antisymmetric . . . . . . . . 156.4 Hz 622.2 Hz 1054.6 Hz

Wing:

Restrained . . . « « ¢ ¢ ¢« ¢« ¢« o « » « +» T77.6 Hz 158.3 Hz 259.9 Hz
Fin:

Restrained, symmetric « « « .+ « « . . . 264.2 Hz 841.3 Hz 1263.3 Hz

Restrained, antisymmetric . 107.8 Hz L407.2 Hz  1018.7 Hz

.
-
.
.
-
.

Total Orbiter Analysis

After the individual components were analyzed, the entire orbiter
vehicle was coupled and a vibration analysis was performed in Rigid Format
3. PIOTEL elements were used to connect the grid points retained for
plotting purposes. In order to examine the deformation more readily,
both a side view and a bottom view were plotted for each mode. Only the
latter includes the payload. The deformed shape was plotted together
with the X, ¥, and Z vectors from the underformed location. The first
two elastic modes are shown in figures 23 to 26. The first mode at
53.0 Hz exhibits fuselage vertical bending, fin pitching, and wing
motion. Wing motion appears to be due to flexibility in the root
restraint and the deformed shape is almost a stroight line. The
maximum motion point is at the fin tip and results from pitching of
the back part of the model. The second elastic mode at 62.6 Hz is
principally wing bending with some payload and fuselage vertical bending.

Initial comparisons with test data indicate that there is more
flexibility in the fin and wing attachment in the physical model than
was allowed for in the analydes. The orviter finite element model is
readily adapted to exploring these effects and several runs were made
varying the fin attachment. Results showed that the aft frame in the
orbiter offers little stiffness to the aft fin spar in the vertical
direction, but the forward frames are very significant. The first
symmetric mode calculated with the forward frame vertica. furces
eliminated from the NASTRAN model is shown in figures 27 and 28. The
freouency dropped from 53.0 to 48.0 and the relative deformation of the
fin is easily noted.
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L02 Tank Analysis

The full I0, tank model, with no omits, was analyzed for the
zeroth and first harmonics only for the frequency range from 8 iz to
135 Hz. This frequency range was selected to avoid calculating the
slosh modes which were not considered significant in our analiysis.
The modes obtained can be most readily characterized by the variation
in pressure.

SUMMARY OF HYDROELASTIC MODES

[l,/B-sc ale LOo tanlg

Frequency, Hz Cheracteristic pressure pattern

Zeroth pressure harmonic (circumferential pressure = cos 08)

22.9 No nodal surfaces

75.2 1 node at about midtank
91.5 2 nodes

115.2 3 nodes

First pressure harmonic (circumferential pressure = cos 18)

19.2 No nodal surfaces

60.5 1 node
110 2 nodes

1543 1 3nodes ]

The corresponding grid point deformation for the original
structural idealization indicated irregularities associated with the
finite element model of the lower dome. Since the pressure gradations
in the lower hydroelastic modes were relatively uniform, it appears
suitable to investigate the effects of dome finite element size and
geometry using static pressure loading to save computer time. The
static loading produced deformations very similar to those In the
fundamental hydroelastic modes. One modification attempted, the use
of memhrane elements in place of plate elements, gave no appreciable
improvement. The original fini‘e element grid was then refined by
adding wore elements, and the geometry was corrected. The resulting
deformation pattern was considered acceptable. The cu.rent version of
the tank dome finite element represent..tion is shown in figure 9.
Both the undeformed shape and the pattern under a uniform uvressure of
6.9 kN/m? (1 psi) are shown.
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External Tank Analysis

In assembling the external tank model, the LHp tank including the skirts
at both ends was analyzed as an empty free shell. Vibration modes resulting
from these computations indicated that above the first bending mode at
139.2 Hz, the modes of the central portion of the IHp tank in the areas of the
light frames exhibited radial deformation typical of shell modes in cylinders.

An interesting comparison of the NASTRAN calculated weights and those
determined independently hy a weights engineer is as follows:

Tank weight as calcualated from structural drawings,
including fittings, fasteners, etc. . .« + + « ¢« « « . . 603.2 W (135.05 1b)

Finite-element model weight (twice the half tank
“!’eig}lt) L . . L] L[] . . L] - . . . . . . - . L . L] - . L] L 589.1+ N (15205 lb)

c.g. position aft of forward dome as calculated by

weights engineer . . ¢« ¢« v ¢« ¢ ¢ ¢ ¢ ¢ o o ¢« o « « « « 1.901 m (75.1% in.)

c.g. position as ralculated by NASTRAN for the finite
element MOGEL & o « ¢ o o o o o o « o s ¢« o o o o o o l912m (75.29 in.)

The weight of the LHy is distributed as nonstructural mass in the CQUAD2 and
CTRTA2 elements.

After the LHp tank model is checked, it is reduced and coupled with the
102 model. Analysis for this coupled structure has not yet been completed.

SRB Analysis

In order to obtain a guide for the finite element idealization of an empty
tank, the SRB was modeled as a cylinder of radius 0.25 m (10 in.) and length
5.08 m (200 in.). The finite element idealization consisted of 21 bays along
the length and 12 bays around the circumference. The following table repre-
sents a compurison of results hetween NASTRAN using the Givens method,
Grurman's STARS-2V program, and NASA Langley's SRA program (refs. 3 and 4,
respectively)., The STARS-2V and S i programs are based on thin-shell ortho-
tropic theory. The accuracy of the NASTRAN results are relatively good for the
lower modes and depend upon tne velative complexity of the eigenvectors.
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EMPTY CYLINDER VIBRATION ANALYSTS

Frequency, Hz
STARS -2V SRA NASTRAN (householder | % Error
method)
52.0 (n=2, 1st) 51.56 (n=2, lst) 55.2 6
52.4 (n=2, 2nd) 51.66 (n=2, 2nd) 54.9 5
66.6 (n=2, 3rd) 66.04 (n=2, 3rd) 73.9 11
119.3 (n=1, 1lst) 120."6 (n=1, 1st) 122.5 3
120.4 (n=2, Uth) -- 171.8 42
147.1 (n=3, 1lst) - 165.1 12 |

The undamped vibrational modes for the full cylinders are tabulated in the
tables that follow. The modes of most interest are the lst and 2nd bending
modes and the lengitudinal rod and thickness shear mode. Figures 30(a) and
30(b) show cross sectional views of the vibrational motion, and figures 31(a),
31(b), and 31(c) show orthographic views of the motion obtained from the
NASTRLN anelycis. The first table also includes the results for sirpple beam
theory for the modes of interest (bending and longitudine}) based ou the com-
posite properties o® the tank. Using a structural damping factor of 0.52 for
the propellant elements, the complex eigenvalues for the lowest bending and
longitudinal modes were obtained (Rigid Format 7) and compared with the
undamped modes as tabulated in the second table. Simple beam theory (no shear) -
predicts a value of 1/Q = 0.028, which agrees with the bending mode. The dif-
ference between this value and that for the longitudinal mode is due to the
thickness shesr effects. (See figure 30(b).) It was found that the damped
vibrational analysis was run more efficiently by analy.ing the undamped system
first in order to narrow the search range. However, computer ruwming times
were still quite long.
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' Frequency, Hz
f Mode - 2 — m’..wu__“,_w___«... —
' NASTRAN Simple beam theory
g e e e R
‘. a=1, m=1 56.4 58.4
£ n=0, torsion 171. 4
? | n=l, m=2 173.0 161.0
i n=0, longitudinal | 196.1 180.2

R

- o

| s« rgeAaTa s YRR

VIBRATION ANALYSIS OF FULL PROPELLANT CYLINDER

VIBRATION ANALYSIS USING DAMPED SOLID FINITE ELEMENTS

Frequency, Hz
- Damping value,

Node Undamped Damped l/Q

(a)
Bending - 1lst 56.38 56.39 0.027
197.1 .056

Longitudinal - 1lst L 196.0

#1/Q =M where N is the equivalent damping constant;
c.f., Tong, Kin N.: Theory of Mechanical Vibrations. John
Wiley & Sons, Inc., 1960, p. 15.

Total Vehicle Analysis

At the time of this writing, vibration analysis results for the
completely coupled shuttle configuration were not availahle.
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NASTRAN EXPERIENCES
Hydroelastic Analysis

Some difficulties were encountered in attempting to run the
hydroelastic analysis. Eefore setting up the 1/8-scale model LUo
tank, the program was run for a small problem containing 86 degrees
of freedom in the analysis a-set. After this had been run
successfully, the 10, tark which had 717 a-set degrees ot freedom,
was modeled and submitted for computation. A4 summary of the
difficulties encountered . conducting the larger hydroelastic
analysis are as follows:

(a) Hydroelastic problems will not run in level 15-5 of NASTRAN.
A system $Cl error occurs while executing module GKAD. This
error has been reported to NSMO and is listed as SPR .u .

(b) Often only a single Eigenvalue is extracted, using the Inverse
Power Method, although more are present. This we now feel is
a function of incorrect completion codes. This error is now
listed as SPR 995.

(e) Fluid rings must be input in ascending order on RINGFL cards
or program terminates with error No. 2001. This error has been
reported to NSMO and is listed as SPR 1017.

(d) Fluid element identification numbers are limited in size to
approximately 30 000 or less, Numbers greater than this
cause a #C5 system error in Module TAl. This error is now
listed as SPR 1016.

(e) BAROR card causes fatal error in hydroelastic analysis. This
error has been reported to NSMO.

(f) Data block Mpp is not pooled correctly in module SMPz in
Level 15.1. This causes fatal errcr 1105 if program is
checkpointed. (Problem runs without checkpoint). This
error has been reported to NSMO.

One continued difficulty was the large amount of computer running time
required for the eigenvalue solutions in Rigid Format 7.
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No information is available either in the literature or from NSMO
regarding the reduction of the number of D.O.F. when using fluid elements in
hydroelastic problem. And yet, if shuttle hydroelastic analyses are
to be accomplished in moderate computer time then a major reduction
seems advisable. In order to determine i: “ a reduction is

» possible, a small hydroelastic problem was usei. It was found that

; using the internally generated fluid r 'int riumbers on OMIT cards

did not violate any NASTRAN rules and the program ran successfully to
completion. These internal numbers may be calculated following the
rules in the NASTRAN User' s Manual or an unreduced problem may be run as
far as GP4 with diagnostic 21 turned on.

A review of the frequencies shown in the following table indicates that
the restlts are comparable for the lower frequency modes.

TR ey arreny et s

EFFECT OF REDUCING FLUID POINTS IN HYDROELASTIC ANALYSIS

R

[?imple 1/8-segment of hemispherical tank,
total degrees of freedom = 1543

Frequency, hz L
Mode No omitted points Omitted fluid points
analysis D.0.F. = 85 analysis D.0.F. = 77
1 283 292
2 421 436
3 536 Sl
4 606 698
> 697 797
184
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SRB Analysis

For the empty propellant cylinder the inverse power method found errone-
ous roots and left out some roots. These roots were subsenuently found using
the Givens method and the erroneous roots did not appear. The Givens method
generally did not work for large problems on level 15.5 but did work on level
15.1. The damped vibrational analys’s, using Rigid Format 7, gave a fatal
error message after finding the eigenvalues. The eigenvalue running times
tended to be long (1000 CPU seconds on an IBM 370/165 for 176 reduced D.O.F.
using the DFT method). These errors did not occur for very small prototype
problems, Other difficulties that were encountered included erroneous fatal
messages; for example, a U602 message was encountered for a singular matrix.
These errors also seemed to be a function of the large size problems under
consideration.

Orbiter Coupling Analysis

Once the ILMAP alters were debugged, essentially no major problems
vere encountered as far as obtaining results for the orbiter. The
inco:porated checks and plots proved to be major aides in "debugging"
the input data to Phase 1. Experience with the various alters is
listed below:

(1) Incorporating the rigid body checks in phase 1 is essential
in determining if there are any erroneous constraints in the
substructures,

(2) If the rigid vody check 1is not satisfactory and the erroneous
constraint is limitted to a single constraint, then printing
the reduced rigid body support stiffness lx] and obtaining
from it the resultants of the rigid body forces helps in locating
the coordinates of the erroneous constraint.

(3) If the trouble is caused by MPC's then the resultants of the
m-set loads helps in locating MPC errors.

(4) If MPC's and SPC's are in error, mode ploits are helpful in
locating erroneous SPC's and sometimes MPC's.
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(5) If free-free modes are obtained, then printing the member
forces and/or SPC forces for the rigid body modes m:y
help in locating the erroneous constraint since the
structure should be free of stress.

(6) Mode plots in phase 1 have helped in determining whether the
appropriat: nodes have been selected as dynamic degrees of
freedom. In some cases "soft spots" were accidentally
selected for the a-set and these caused local motions to
show up in the mode plots.

In order to obtain plots in the coupling run (phase 2) it is
suggested that grid points rather than scalar points be used in the
coupling phase. PLOTEL elements were then used to connect the grid
points creating a pseudostructure that is suitable for plotting. The
grid points established in phase 2 were the grid points that are
assoclated with the substructure a-set degrees of freedom. All non-
strainable D.C.F. were removed by SPC's. It should be noted that
each substructure had a unique grid point numbering system so tmat
the grid cards in the a-set of each substructure could be duplicated
and incorporated in phase 2. Common interface points were made common
by MPC's.

If necessary the a-set of a given suhstructure was increased so
that a more realistic plot could be obtained. This also necessitated
having x, y, and z D.O.F. at all points to »e plotted so that all
significant motion is displayed.

To prevent lnss of mass, it is recommeuded that mass should not
be assigned to grid points having nonstrainable D.0.F., such as,
intermediate grid points in a planar frame. If assigning mass to
such nodes is necessary, then MPC's should be used instead of SPC's
to remove the singularity from the stiffness matrix; this will conserve
the total mass distribution.



System Experience

One of the fallouts of our analysis of the 1/8-scale mod:l has
been a further evaluation and demonstration of the program thet is
scheduled to eventually replace our own in-house system. Partly as
a result of this work, we believe that NASTRAN is ready to handle the
analysis of large aerospace vehicles such as the shuttle. Ve would
like to point out, however, some additional features associated with
NASTRAN which must be given consideration.

(1) The learning curve for NASTRAN is rather flat. If you

want to be in a position of making extensive alters to

the rigid formats, and any aernspace company faced with
large complex problems must be in this position, then the
investment in learning time is large. Future levels of
NASTRAN should concentrate on building a system that is
more easily altered. We feel that it is far more important
to devote NASTRAN funds to developing a sound basic system
than to adding capability for solving specialized problems.

Wt 4 ey e g o~

(2)  Our in-house developed postprocessor for converting srlected
NASTRAN element corner forces, for example, membrane elements
and rod-shear panel assemblies, has been complete? (available
from level 15.5). Although not used on the 1/8-scale model
analysis this program is a necessity if we are to obtain internal
member loads in a form required by our designers.

(3) Experience in running large problers in NASTRAN should be
established prior to artusl run submissions. Adequate time
should be provided for lirtficulties encountered the first few
times a new probler i. run. The availability of experienced
computer systems anil;/. s capahle of assisting in such
difficulties helps mw ...ially .. expediting NASTRAN analyses.
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APPENDIX
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NASTRAN SUBSTRUCTURING ANALYSIS FOR NORMAL MODES
ALTERED RIGID FORMAT 3 FOR PHASE 1 OR 2

} Incorporated New Bulk Parameters

§(1) NOSUB Number of substructur~s to be coupled in this run,
Default = 1, which indicates a phase 1 run, where
one substructure will be reduced.

(2)  TPCOPY20 Will put reduced stiffness and mass matrix (Kaa &
Maa) on tape IMPT. Defcul* = -1

VA B S PP Pt W e g -

(3) TPNAME label name of INPT. Use only when TPCOPY20

(4) RMODE=0 Causes restraired free modes to be obtsined. The
ieatraints are defined in an input columm partition
matrix (CPAJC}, which will partition the a-set into
J & C sets. Default = -1. In thir csse free~free
modes will be obtained if there i3 a SUPORT card in
the BUIK data, defining the rigid body supports.
Although {CPAJC} ir not used wvhen RMODE = -1, it
mist be defined in the BUIK data. It is sufficient
to definc it as a 1 % 1 matrix. Also, don't forget
the EIGR card if modes are to be nbtaincd.

(5) TPNAME9 Label name of INP9, which contains the column
partition vector, reduced stiffness, and mass for
each reduced substructure. The column partition
vectors are used to merge the reduced stiffness and
mass of each reduced substructure into a common pseudn-
structure lineup. Use this parameter only when NOSUB>:.

() TPCOPYNxC Will put thr pseudostructure eigenvalues and eigen-
vectors in substructure lineups on tape (INPl, INP2,
etc.) for further processing, in this case final
substructure node shapes. Default = -1.

(7)  TPNAMEN Common label name of INP1, INP2, etc. Use caly w.-n
TPCOPYN20.
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Incorperated New Bulk Input Matrices

The following input matrices must be defined in the BUIK data
on DMI cards whether they are needed or not. If they are not needed,
defining them as a 1 x 1 matrix will suffice.

(1) EQR Matrix

This matrix expresses the resultants about an origin,
due to unit rigid body support loads. The rigid body degrees
of freedom are defined on the standard NASTRAN SUPORT card.
The EQR matrix is necessary if the checks, which are
incorporat~d in the ALTERS, are to be performed. The origin
chosen, should be the seme origin defined on the standard
GRDPNT parameter card.

(2)  CPAIC Matrix

This matrix is used when restrained-free modes are to be
obtained (RMODE=1). This matrix is a column partitioning
vector which defines the restrained degrees of freedom from
the analysis set (a-set) degrees of freedom.

IMPORTANT NOTE:

When doing a coupling run, where all substructures have been
reduced and on tape, it was necessary to input in the BUIK data at
least one element, to prevent a fatal error in module TAl. A thin,
string-like rod will suffice. The element must be counted as a
substructure so that the new NCOSUB parameter was increased by one.

Alters Incorporated (General Flow)

START

ALTER 2 facecccccaaaa Define new parameter defaults
Define parameter TRUE = -1

y
( next page)
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> *
ALTER 23, 23 |-ane---- Delete original error (possible not to have
Fage 193 structural elements in BUIK for coupling run).
\1lso defines coupling parameter and other
parameters and performs appropriate purges,
Insert LABEL I2h (referenced in ALTER 23, 23)
Ins2rt COND 127, NOSIMP (Skips generation of
, ] stiffness Kggx if no structural elements)
4 ALTER 27 L ----------- Insert LABEL 127 (referenced ‘n ALTER 25)
? ’
,'- ALTER 29 f=-v-cnmnaw- Insert glc;g i‘gg’ COUPLE Possible not to have mass
; .}_1"2 ’ LABEL 129 in BUIK for coupling run. i
i 3
N g ‘ ALTER 30 }- ----------- Insert LABEL L3G (referenced in ALTER 30)
4 ALTER 37, 37 fr------- If this is a coupling run (phase 2), this alter
" Page 195 will read in reduced substructure matrices from
R tape and merge them into pseudostructure g-lineup.
The combined stiffness and mass are then added to
\ the unreduced substructure stiffness and mass
(if any).
| ALTER 4o ,hol» --------- Change input Kggx to Kggy in SHA3 module (Kggy
' | includes reduced substructure stiffnesses, if any)
¥
| ALTER 148, h8]-------- Change Mgg to Mggy in EQUIV statement. Mggy q ‘

includes reduced substructure masses, if any.
Also changes the mass matrix Mgg to a weight
f matrix and prints it out (Wgg = Mgg x 386.4)

ALTER bQfoccmcocacaa- Insert CJ‘lol]NDlP L ?L COUPLE Skips GPSP module
18 if a coupling run
| LABEL Ik9 pLing
ALTER 58, 58 )======== Change Mgg to Mggy in MCE2 Module (Mggy includes
any reduced substructure mass if any%y
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c
ALTER 7§J ------------ SEEMAT KAA, MAA (pictoral view to see if there
are zeros on diagonal
ALTER 84 [p~eeo=mew-- This package can be ~onsidered a quality control
Page 197 module. It generates checks to ensure that

there are no errant constraints and no mass

has been lost. See detailed flow. This alter

) also puts the reduced stiffness and mass on tape
provided the parameter TPCOPY is not less than

: zero.
H ALTER 89, 89' -------- Obtains restrained free modes (fixed at interface)
d Page 201 or directs flow to obtain free-free modes.
} ALTER 91, 91|-==n-=-- Change MI to MM in original statement ,
| :
' ALTER 93 |--vveooee- Insert LABEL 193 (referenced in ALTER 89, 89)
: | {
- ALTER 112 -}---cc-e-- If a coupling run (phase 3), this alter extracts
Page 202 out eigenvalues and eigenvectors for each reduced
i ) substructure and puts them on separate tapes.

These tapes can then be used in a PHASE 3 run
to obtain detailed substructure mode shapes.

[Bw Anrem |
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; -, L,
’ % ALTER 23,03 DETAILED FLOW
e ey e————- If -1, this is not a
ALTER 23,23 REE_UT"IEC %_z ETER cou.pl.',mg run (Phase 1)
-5 —— This run would strictly
be a Phase 1 run, when
one substructure will be
4 reduced,
g YES NO ‘
: NOEIMT = -1 ( NOEIMT = +1
§- No elements
¥ defined in BUIK.
] » -
i NOINP = -1 = — NOINP = +1
i IHo elements
defined in BULK
~ & not a coupling
run. N e
2 i il
Is
: < YES NOINP
1(11' this is not a
coupling run, elements
Y must be defined in BUIK.
§No structural elements in BUIK.
— PURGE & CHKPNT
LABEL ER23 > GPFST, Kaax
PRINT PARAMETER YES
T NomP -
-~ § - o
- Y IW PURGE_& CHKPNT
> —oomT
g,«e (Exzr ) l -
v This is a coupling run.
e Y
Posaible Cause of Error
If coupling run, the NOSUB TUMP Ry
parameter must be input in _I'EEL_E.{ N Al?l'galgll:
Y i
(BD oF AUTER 23,23 ) !
. .
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ALTER 37, 37 DETAILED FLOW

' PURGE
IA YES . =222
(Am’ER 37,37 [L - /COUPIE > Metrices generated for
¥</ ( coupling run
This is not a coupling run,

: : No but & Phase 1 run.

Y

This 1s a Y

TO LABEL L37D
coupling run "

next Page

LIST TAPE CONTAINING REDUCED SUBSTRUCTURES' MATRICES Also rewinds
ape.
1/555,5/C,N,- y, N,9/V, X, 9

Y

Ay e ey Wy et

e

e

INITIAL LOOP PARAMETER VALUE
PASS = 1

Y

s JUMP LOOP3T J‘ Top of Loop which combines

|

T LABEL LOOP37 reduced Substructure matrices
‘ into combined pseudostructure
4 g-lineup.

o DEFINE FIRST PASS PARAMETER
’ PASS 1 = PASS -2

Y
INPUT REDUCED SUBSTRUCT. MATRICES FROM TAFE

INPUTT1/CPG1, Ki, Mi,,/C, N, O/C, N, 9 %

.t

18
————y i ——— YES .;,'
LABEL L37 — \ngsl 3
v PASS

MERGE 1ST SUBSTRUCTURE REDUCED STIFFNESS & MASS
INTO PSEUDOSTRUCTURE G-LINEUP, USING COLUMN ~ R
PARTTTIONING VECTOR CPGi Y~

(Kess] < E,l—:vﬁﬂ

4
A

. (" T0 LABEL L37A ) i

\ next page &

042 2

(Hegs] < Eo“,’ ‘M;]
‘ ]

i

‘,f‘;:

]

-
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e

MERGE SUBSTRUCTURE REDUCED STIFFNESS & MASS
INTO PSEUDOSTRUCTURE G-LINEUP, USING COLUMN
PARTITIONING VECTOR CPGi

_fo o
[Kgsi] <= [O_TKA
o o

West] < [ TE]

LABEL L37A

<0 PASS]1

NOT 1st PASS NSO

YES PASS
(f 1st

Y

ADD ABOVE MATRICES TO PREVIOUS ACCUMULATED
SUBSTRUCTUFE MATRICES

(Kaes) « - (kge) = [Kegs) +[Keet)
EQUIV

(Mggs) « [Met] = (Mges] + [Mget)

DEFINE SKIP LOOP PARAMETER

LABEL L37B

IR

[ INCREASE LOOP PARAMETER

No more reduced -
substructures on tape.—

next page

TO LABEL L37D

SKIP2 = NOSUB-PASS — PASS = PASS + 1
IS
'NOELMT N REDEFINE SKIP LOOP PARAMETER
<0 Elements are present SKIP2 = SKIF2 - 1
in BULK »
(
YES > < ~ Although this is a coupling
. run, one substructure has not
l;l; gﬁ;entilgrzile)::ructures Y been reduced and is defined in
. vt ———— BUIK. This run is a combined
22;: been reduced and on LABREL L37C Phase 1 & 2 run.

No ~————— REPT LOOP 37,8 )
/‘

‘;Return to top of Loop
for next substructure.
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LABEL L37D

e
Y

EwﬁMQ

[keey) = [Ree] + [Kesy
[Meay] = [Mea] + [vass)

CHKPNT
Kgay) , |Megy

1s

NOGENL L N

<0

No General Elements - __——* YES

(Fee] ke ] |

(B oF AITER 37,37 )

Y
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ALTER 84 DETAILED FLOW

13 YES

Note: EQR must be defined in BULK.
Al x 1 matrix will suffice.

PURGE
matrices generated

0

The vectors generated are used —\_,| W
to generate so-called equilibrium {
matrices on next page and depend
on r-set being defined.

START GENERATING USET PARTITIONING VECTORS

Y

€ Use VEC instruction

A ik 3 ey e’ a5 e Y

| PURGE CPFOA/QMIT/CPNSF/SINGLE/CPGMN/MPCF1|

in route skipped

TO LABEL L84
Page 200

CREATE PARTITION VECTOR {c&{} >
15
CREATE rAREITION VECTOR  {CP2 Y—T0 °<“;
YES (no o-set)

CREATE PARTITION VECTOR {cpn‘;, )

CREATE PARTITION VECTOR {CPg:

LABEL ICP 3

R

CHKPNT CPARL, CFFOA, CPNSF, CPGMT |

4

( next page )

SINGIE
<0
YES (no s-set)

)
i “TABEL 107 2
NO 1s
s M°CF1
<0
-— YES (no m-set)

197
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START GENERATING EQUILIBRIUM MATRICES
Y

[ NOTE: Equilibrium matrices express resultants about a chosen origin

h due to unit loads at the USET degrees of freedom. They are
generated from an input matrix [EQr] and the solved structural
¢ transformations [Gm] , [Go], and [P] . HRr expresses

1 resultants due to unit rigid body loads (r-set).

[ PuRGE ERo/OMIT/BQm/MPCFY. |

Y

RESULTANTS /UNIT {-SET LOADS
[2ed) - [mc] (7]
RESULTANTS /UNIT a-SET 1OADS >
(Bea] < (mar i mat]

L merged using {CPa: }

e A B ® POy il g P s et

| RESULTANTS /UNIT o-SET LOADS NO 01‘<4(I)T

[E%] = [ma] @'"]T YES (No o-set)

RESULTANTS /UNIT £-SET LOADS

[mg < (%o ! Ea) L,ff] [@J

merged using (CPfa}

A

Yy

LABEL L3LA
RESULIPANTS /UNIT n-SET_LOADS 13
- ! NO
(e < (o8 m¢) R SINGLE 5
8 <0
merged using <Clhf}

YES (No s-set)

Note: Resultants due to SPC unit loads cannot Y |EQnJ EQUIV l al
be obtained by this method. Therefore reserve ;
SPC's for zero stiffness D.O.F. and sym. or

anticonstraints at the plane of symmetry. If
there is a plane of symmetry, the resultants 1gexx‘:nm‘ i&‘B)
expressed should be sym. or antiresultants only. peg

rera

dar i
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RESULTANTS/UNIT m-SET LOADS
G - Gon) (o'
RESULTANTS/UNIT g-SET LOADS

[£ag) < [Eam | Ean]

merged using {CPg:}

LABEL L8LB

NO MECF1

Y

<0
YES (No m-set)

a2 )

LABEL L38LC

Y

|CHKENT B, Ba, B0, R, Mn, Mn, Mg|

/

RESULTANTS /RIGID BODY A'S
(=] - (=] x

should be zero

MATGPR | ./ Print to check input matrix Fr . Printed out
in transposed form for ease of reading.

~ Recalculated because it wasn't
._f saved in FBMG3. In case rigid
body check doesn't work out,
we want to print out fx

,~ 7T If not zero and if caused by an

‘—-/,

isolated error, the resultants
can help pinpoint the trouble spot.
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1S o | MATGPR
D i
/ R___ Resultants of MPC's
| YES (No MPC's) printed out to check.
—— o
LABEL L84D

MATGPR J'“ Print out resultants of unit n-set
loads. This matrix is looked at as
a last resort in case all other checks fail.

M should be the vasic origin so that -
[Mogg]can be checked with the [MO]
matrix which is ocutput from *the

RIGID BODY MASS MATRIX RELATIVE TO ORIGIN The origin used for resultants
USED FoR RESUTAMES (S ok 0I) | _f

[mgg] = [mg] [Mgg] [mng x 386.4 GPWG module. The above check insures
&;—: s mass that no mass has been lost in reducing
to wi t the structure down to rigid body

igh ce mg is generated
2 from[ I[éx’njl [6o and
RIGID BODY MASS MATRIX (COH.BIN!):D MASS FROM
BUIX ARD REDUCED SUBSTRUCTURES
[rose) ~ (6] [Meev] [mg)" x 386.1
[ maTPmn
Moggy.
LABEL L8LVP
¢
PRINT REDUCED STIFFNESS AND MASS ‘/"‘ Take out if matrices are large.
MATGPR
L [xag Ghes] > TFe e
v
COPY_REDUCED €TIFF AND MASS O TAPE 20 __,
OUTPUT1 Ksa, Maa,,,//C, X,-1/C. %,0N, Y, TPEAE — 1
LABEL L8LG

(' END OF ALTER 84 )
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-

Restrained Free modes will be
obtained, which will probably
be rixed at interface (c-set).
A col. partition matrix (cpac}
must dbe input.

(PARTITION REDUCED STIFF & MASS INTO
C-\ROTRAINED & FREE SET USING COL.

PARTITION MATRIX CPAJC
x| 54_] < [xad
ka.ﬂ; Kee E ]

« (]

FJ | Me
—T om—
Mcj |+ Mee

OBTAIN RESTRAINED FREE MODES
RBAD X33, M)J,,, EED,, CASECC/LAM), PHI), MJ, OEIG83/C, N,

34
MODES/V, N, NEIGV

ox e peew

I Z—

[N P

PURGE
|Matrices generated in
restrained mode path

LABEL 189

will be obtained

CHANGE MI TO MM IN ORIGINAL
READ STATEMENT MI HAS BEEN
USED ELSEWHERE

END OF ALTER
89,89

y

SAVE  NEIOV
BEQUIV  LAMj, LAMa/TRUE
CHCPNT LA, PHI3, M), OEIGSJ
orP LAM), OEIGSJ,,,,//V, K, CARDNO
SAVE _CARDNO
Y
zggm ;:‘gnmmas ~°10 A-LINEUP CHXPRT
U CPAJC IS
. PHIja
(pezsa) < [PEJ] PAIa
Oc LAMa
RUIV 3
] —_i | TP 1O
LABEL 193
IN ALTER 93
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ALTER 112 DETAILED FLOW

PURGE

ALTER 112 e

) o]
This is a coupling
run, ——"7

REWIND TAPE CONTAINING REDUCED SUBSTRUCTURE MATRICES

1 l/ns:/.‘:: ﬁ;lfc,ﬁﬁ’ 9ﬁr Y, TPNIMES

4

INITIAL 1007 PARAMETER VALUE
W - 1 |

Y
- r————— S ———————

Top of Loop to extract out -, JUMP LOCP1l2

eigenvectors for each LABEL LOOP112

reduced substructure. Y
l INPUT TYPICAL REDUCED SUBSTRUCT. MATRICES

k’ k’ 2 272 1 }9

EXTRACT OUT SUBSTRUCTURE EIGENVECTORS USLiIG CFGk

i -

18 YES

Matrices generated
/Is YES for coupling run
COUPLE —
<0

FINIS

TPCOPYN >
<0

NOTE: Separate tape created ©
for each substructure\

§

PUT_SUBSTRUCTURE EISENVALUES & PIGENVECTORS ON TAPE

| ovrrm 1AM, PHIAX,,,//C,N,-1/V.N, INP/V,Y,TPRAMEN |

I
JU 0 “\\
LABEL L112 |
next pege
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\

next page
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LABEL L112A

2

MATPRN

LABEL 1112

-

A

PHIAKk

INCREASE LOOP PARAMETER

INP = INE +

1

Y

A

DEFINE SKIP LOOP PARAMETER
SKIOOP = NOSUB - INP

1S NO
NOE?E/ Flements are =
present in BUIK
YES

REDEFINE SKIP LOOP FARAMETER
SKIOCP = SKIOOP - 1

’[One substructure is not reduced
and must be present in 8UIK
and not on tape.

N e
»———( REPT 100P112,8 )

Return to top of Loop
for next substructure
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* REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR.

- . .Y

N A S T R AN F X ¢ € UY¥YIl VE C ONTYT R OL D E CK E C HO

ID PRASE? JIPRTS

APP ntse

T IMF 19

CHKONT YES

soL 347

DIAG TeRe 124 14415,71,72
ALTER 2 § DAIAMETER DE TAULTS

P AR AM Z7C e N NP ZV Y ¢ NS =]

P AR AM Z/7CeNeNIP IV Y TRCOIPY ==

P AR AM Z7/7Ce Ny NIP/V, Y TRCOPYN==-1

P AR AM /7CeNeNIP/ZV 4 Yo 2MNDF ==1

PARAM Z/7CoeNe N IPZV 4N TRUF ==

*

ALTER 23,23 $ NETEIAINES COUPLING PARAMETCR € PFRFORMS DURGES
P AR AM Z7CeNsSUR/VINICOUPLF /Ve Y4NOSUR/C4Ne2 &

P ARAM Z7/7CoNsAND/V o NGNOFL MT/V 4Ny NOGFNL/VeNyNCSIMP ¢

P AR AM Z7Ce NG ANYI/ZVANGNOTINP /V  NGeNOFLMT/VeNCCUPLE ¢

coND E323,40IN2 5 wiLlL EXIT [F NOT A COUPLING RUN 4 NO FLEMENTS
PURGE GI5T ¢ K 35X/ ISP

CHKPNY  GRST (K GGX

coND L 23, COHIUNLE
PURGE IGPST/VYS
JumMP L2a

LARFL £R23
PRTPARM /Z/CeNy 3/C Ny NIINP  §

FXIT

LABFL L23

b 2

AMTFR 24

LAaBFL L24% .
AL TER 25

CNND L27.N0S1U2

ALTFR 27

LARFL L27

ALTFR 29

CUND L 29, COYILE -
Jump L2

LALSL L29

ALTER 130

LARFL L 1)

$

ALTER 37, 27 § IF 2OIPLING RUNGIOMRINFS SUBRSTRUCTURES,

k) TAE FILLOWING MATRICFS FOR FACH SUBSTRUGCT. ASSUMED ON INP3
1 CIGL = COALUNMN DADTITINONG VECTOR FOR MERGINC KI & MI

A3 K[ & I = REDUCHED STIFFNESS £ MASS

PURGE CAFT ST MIWKGGT yMGAT 4 KGN SIMRGSeKGT W« MGT/CCUPLE

COND LY?Y, CoUO_ < ¢ SKEIPGNIT A COUPLING RUN

IMPUTTYL Zsaas/CoNa=3/CoNsS/Ve Yo TONAME G ¢ LISY TARF £ REWIND
P AR AM 7/7Co N NIV NIASH= ¢ INLTIAL LOOP PASS PARAMFTER

20k
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+", REPRODUCIBIIITY OF THE ORIGINAL PAGE 1S POOR.

&

N A S T AN FXFCUTIL VE CONTRCL DECK ECHDO
f yump LN1227

B ABEL  L0ONP 17 s T)P OF LNN?

B PAPAM  //7CoNG SUB/VeNePASSI/V N ePASS/Coive2

B INDUTT L /COGT oKl oMl 4o /0Ny O/C NI 8

F conp L 37,4551 % SKI2 TN L3I7 IF FIRST PASS

Jump L27A

g ARFL L 37

EMERGE, 4 o oK 14 CD5 14 /KGAS/CaNs=1/C oNe2/CoNo6
EMERGE » 000 MLeCOGT 4 /MGRE/CeNe=1/C 4N o2 /C e Nsb

E LAJFL L 37A

ECCND L3173, A551 $ SKIP T3 L3722 IF FIRST PASS
IMFRGF, e 0o XK TeC2GLe Z/KGHE/ZC oNs=1/7C o+ N 2?2 /C o« N Wb
MFDGF. s 0 s MIyCO53L e ZMGGL/C e Ne~1/CaN 4?2 /C «No6

] ADD) KGG5eXG31/KGT 8
FQU IV K GTe<GGS/TUE
ADD MGGSeMGGI/Z7MGT &

FQJ 1V MGT s MGGS 7 TRE

LAHFL L2173

PADAM Z7CaNsANYI/VINGDPASS/ZV NZPASS/C oNol
PARAM Z7/7CoeNeSUI/VeNGSKIP2/V Y NOSUB/VNyPASS
COND L 3I7TCNAELAT

P ARAM 7/7Co N SUIZVGNGSKIP2/V Ny SKIP2/C 4Nol
LAPEL L7

COND L31797,3K [P 2

NFPeT LNIP 37,4

LARFL LN

CHK PNT K GCI+MG5S

AND K GGOX e K G5S/K55Y &
ADD MGGy UGG374G5Y %
CHKPNT K GGY +MGOGY

EOULV K GRY «+XKG3/7NI3FNL §

ALTERP 4N, a1
SMAZ CFLosKGRY /K35 /VeNsLUSTT/V N NOGENL/ZV Ny NOSIMP
M. TER 48,49
ADD MGGy 2¥GI/2 Y ALPHAS(I8K,4,0N) $
MATY GPPP GPLyUSET, SIL ¢ WAG//ZC «N G
FOUlv KGBeKNN/ZUAITF | /MGG Y ¢ WN/MPCF L
BALTER 49
cOND L3 . COUnLE
JUMP L3l
LABEL LAY
ALLTER &R, 54
MCE2 YSET qGMyKG3+sMG5Y ¢ o ZENNyMNNyy &
BALTER 74
SFFMAT KAA ' MAAQAg o9 7/7C o NyIPRINT
t
Al TER na
PURGF CONAL G COF FJALCHNGF y CPGMN GEOR 4 QL yE QA JF QCLEQF +EGN+EQMFQG/REACT
DURGE X 4 EXToF IMT,TANTEOGTHEQAGTC +MAGG s MOGGY/RE ACT
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N A 3

coND
PUPGF
VFC
COND
VEC
LASFL
COND
VFC

t ARFL
COND
VEC
LARBEL
CHK ONT
e GF
TRNSP
MPY AD
MERGF
€0U IV
COND
TONSP

¢ MPY AD
Sy MFRGF
L ABFL
FOU IV
COND

o MERGF ,
LAREL
CoU IV
COND
TRNSP
MPY AD
MER GE
L AREL
CHKPNT
TRNSH
MAT GPP
MPY AD
MAT GPR
MPYAD
TRNSP
MAT GPR
COND
TRPRNSP
MAT GPR
LABFL
TRNSP
MAT GPR
TRNS?
ADD

e e A 8 g M T S 5 A P S t ad

e g my e g

. . v 5

206

b ape pwoireyl !‘--

T 2 AN rfFx F C uUWT I VEFE CONT R L D F CKX

LAsF,aACY § W=QF T “LST IF DFFINFD TN GENFRATF F0G
CAFNAZNALT/CONSF/STMGLE ZCHGMN/MPCE ]
USET/ZCDAWI/CoeMeA/C oMo F/Co Nyl B
LCO1,IMIT

USFT/0P2SIA/N oN G F/C qheN/C oNsA
LCot

LCP2,SINGLT
U";ET/C"JSF/CH\"N/C|Nof/CvN'F $
LC2?

LCP3,M2CF1

BSET /C20GAI/C oNoG/C g NeM/T ¢NMeN &
CP3

COIENA, COINGF o CRAMN (CPARL
EOV/0AIT /2204 /MOCF ]

DA VAL AL

Y NUAT ¢ Z3ML/ZC N C/C o Ny L/C o NW T

FNRe o FO g s COARL o ZF NALSC o N1 /C s N2 /C «Nal
EQAy ZNF/NALT

LPAA,OMIT

GO/57

F2Ae GOT 4 75010 /C 4N O/C 4Nyl /C sNeN

FN)e s FQA, e COFNA Gy /FOF /CoNy 1 /C o Ny 2/C L EY
L. 24A

EQF 4 EAN/ST AL

LRAJ, SINGLL

e 2 ENE G ¢ CPUSF 4 /FAIN/ZC N1 /C sNes2/C yNo2
Lean

EINy EQ3/740CF |

LEAC,MOCF 1

GM/GAT

':')“QG"‘*Q /:)‘/(VON"),CON.‘/C N OO

EIMe o SONG + CAGMN 4 /F AL /C WNg 1 ZC o M2 /7C o N o2
L %4C

FAI s EQALTE Y], EQF JFONJF QM F G
FAR/Z/FEAAT

GBI S USFET, SIL $F.QT//C 9N R

KLU MK IZ/X/C Ny 1 %

GPL s USET s SIL o+ X/ /C oM

FQRe Xo ZEX/C oN sV /CeNs1/CoNsN 8
EX/EXT

GOL JUSTET s SIL of XT/Z/C 4N oR

L34 MPCF 1

CRA/FEIMT

GPLIUSET, 3T +CNOMT//C s Nu M

Le4n

EQANZEINT

GOL W USETs STIL«FANT/Z/C Ny N

EQC/seNnT
FAGTe /EIGTZ/C s Y4 ALZP?HAZ (38R, 44NeN) S

$ ASSUME CINVERSIIN OF MASS 11 LHS = 3RK.4

F
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EE TR

6A453
N A ST oA X C 1y T 1 VE C A NT R C L nECK £ CHO
MDY AD CIGeMN 30T ICT . 40 o /MNGH70 s Ny 3/C e NLW1/7C N $
SMDVYAD THI304GGY e TN 3TC e /NG SY/C o NeI/C s Nyl /C g N0 &
MWATPARN A15%eMIS5%5Y e 00 // &
I AREL Leacs
COND LA4G,TP2CIDY
NUTOYT Y K ANy MAA,, 4 ¢ 7 /7C o N o~ 1 /0 Ne N7V Y o TRNAME
LAREL 45
. AL TEO R, Q%
i PUL G I heKC DK JT o KON g MIJ gMCI G MIC o MEC sPHI J4MJ L, OE TGS JePHI JAZ KMCDE
H cOND 1L30,AMIIE % IF ~ FOUF-FLTE MODFS WILL %€ OBYAINED
; % {F PESTIATNTD MIIES ADF T 25 aTAINFN CPAJC MUST [NPUT
- PAPTN CAAZCPAD T /KIS KCI oK JC oKEC /C aNg =1 ZC o Ns2/CoeNE/CoeNe2/CoeNa2/CaNs b
¢ PANTN MAAGCOAIC s Z7VIJe M JeMIC GMCC /C 4 Me=1 ZCaN o2 /CoeNgA/ZCaN 27 CoeN2/CyNy 6
:: PEAD KIIJoeVIJro oo TF Ny s CASFECC/ZLAMY oPHI JeMI Sy OF TGS J/C s NeMNIDFS/V s NeNFIGY 8
; SAVE NE L5V $
) % Foulv LAY I, LAMA/TRUS
P CHePNT  LAMI 413,907 165
i JE ofo A1) YII55300 009 /7/7V N CARIND
I AN
& MFRGFE D14l I oo s 0 TPAJUC/OHTIJA/Z e Ne 1 /C oM 42 /C e N»?
L T EOUTIV  PHINAIHIA/TRUS
3 E CHKPNT  2HIJA, 414, LAMA
‘ Juup LG}
WEs L AREL L9
i f < onD FINISeI=ATT
nFAD CAAY MAA M DM EFN G USI Ty CASFCC/ZLAMA 4?PHIA SNV OE TGS/ CoNeMODES/ZV o N, -
NELAV B
ALYFR 91, 51
CHEPMT  LAMAGPRIAZMML,OFEGS &
A TFR Q13
B L AHEL LS3
*
ALTFR 112
g PURGF CPGK ¢KK s 4 PHIAK /C TURLS 3
L pild COND FINIS.CIUPLS “
INPUTT] Zesss/CoeNa=1/CoNyO/VyY, TONAMESD ¢ REWIND INP2 ¥
PARAM F7CoNsNI2/ZV N, INP =) & J¥
Jume o312 '
LARFL Lon2 112
INOUTT L /COGK KK oMK 970 o NeN/C Ny &
’ P ARTN Tl 399 CY 3K/Z7 o PHIAK 4 o /JC 4Nl %
A CUND L112A, T2CI2 YN
I QUTPUTL LAMAG?PHIAK s ss Z7/7C o Ns=1/VeNJINP/V, Y, TENAMEN
. . MP L2
’& L AREL L1244
g; MATPRN PHIAK, 49077 &

L ABEL L1112

} PARAM Z/7CHNsAND/V Ny INP/VINIINP/C 4Nyl §
PARAM Z/7CeNaSUT/VeNe SKLUDP/ V. YoNOSUB/V N INP
COND LIL2B,NOELVWT

B 207




R R L

N AS T

P AR AM
LABEL
COND
REPTY
FNDALT FR
CFEND
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Z7/7Ce Ny SUB/V NG SKLNODRP/V N SKLOOP /C ¢ Nol
L1122

FINTS,SKLIND

LOJP 112,98
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Figure 3.- Orbiter with plastic fairings.



Figure 4.- Orbiter fuselage under assembly.

on BE® Bm. es
cadesttssstes
-

ey U7 ' ';}:‘
| A ’./ .

\

| l 213



« vy

R e et B A T U S L

214

bR o

-
. ——

\ }
vV

S XAy
‘I,l!l‘l\nun -

"""""

- NASTRAN plot of orbiter fuselage.

Figure '



i : SRR T & o .
ER IS 2

215

*ATQUISSE J9pun Jutm I231QX0 -°9 aanI Ty

¥

- o P - - p e el Amiw Ae Sadd ot WA Reee s



1%%‘!‘ - -

216




ca -

B o2 2 0

.
EANEN P LI o T A S

. 13000 dog Supm Jo 30Td NVHISYN ~-°Q a2 T4

PRI T

g g fﬁ%ﬁwﬁﬁu‘wﬂ% N
.

217




.

ey e s S

Figure 9.- NASTRAN plot of fin webs.

(¢ 0]
—
N




‘e
-

L

(e
- .
(aV]

-+0T 240314

. 10000 UTI JO 3C0Td NVYLSYN

-
. . - . P R R



]

gy

<

.s1sr00 J0Op Keq o3qed jo 10Td NVILISYN -

1

* 1T 2INITd

e P ot K pe B mde ey N menw s

220




221

-squtol JOOP o8aeo JO oTjewayds -°cl aan3td

v-v NOILOAS

INIWDAS TTITHS f
» _ ogdM YVIHS

.. P

NOILVDO01 HTYIANOTD IWVS Iy SdIqoN -

INIWOES TITHS

b ]
4
i o SRt B

o

. . .o P S
e P i A B B s e metim




-
-

148.756

—————e 229.156

—_————  245.7536

Figure 13.- NASTRAN plot of external tank.

222

e e



-

R A . s

*)quey uadixo pmnbyl --41 sandtyg

Tk ¢ AT X gl bl

S S

P

B

223




itk iy

N o e - R I R e R AT LR T oS ur I Wov Sy

m, 2 .n,w&ﬂz W v,

P

&

oy .. )

3¢

I

L i
<

' ?f%::@mﬁ?ﬁ»v B T I A T

1

” m,wun»&.. g

[y

RE

i

2

.= LOX tank connected to inter tank skirt and forward
tank/SRB interstage.

Figure 15

£

22k

Pl




el

e .

Ll

[

s

*3ATHS YU®Y I23UT pue ue3 CHT -~ 9T oanIT4

~
<




pm— A

AR R
5

o
e
etk
”

-

L™
A

3

-
.
-
o
hoy
A\ ]
e e
e & 4
-

> .
e av mibi ke

L

226




'v"h

Sheysinis

)

T W ER w sy

* ATquass® Jopun Juwj CHT =gl 2anBTd

g n
N RS IET

[ Al

i 4 e

S T
he ¥ ,m,vw.,dﬁ.l#ﬁ» ,u .

- [Mm.w,u%mww el
C o . .

227



..

.

R

s

*qITYS 3JB 123500Q

- et Ay s = ot

3930Ga PITOS ~-°6T 2314

228




Loaas g a2 e - - - - PR

»

S e

JaquuN jewxod p13ty ayjy o3

"JEWIOJ 3BYJ JO UOTIBIILTY JVWJ S230Uap
PaXT1JJR Yy 33397 ayg

VE IVWHO4 QIDIM £3QON JTISYTY XA¥A-Td

KIRO QS
L JndO4 QIDTH SHAON OILSYIFOJCIA TAMA-TAML

YE IVRHOS qIOTY

= JNYL TYRMIIX3 40 NOTIHOJ LAY 40O SISKTVHY Tvaow

A
k|
)

229

‘hO{J sTsATeUB Jo wetBwIp OfjEWAYOS - Q2 aanB 4

L Ivwiod CIOIM oMM X
IV TTIH MMVL XOT 40 SISKIVHY J1LSYTAOMAXH

V. IVOd qI0Td AMIVANADIA
XTIAN0O = FIOIHAA ILXIANOD 40 SISKIVEV TWION

VE IVIN:04 GIOTH - ONIXJHRD ¥od
STUNLIMHISHNS MALTEHO 40 SISXTVEV TVION

Ve IVMHOd QIOI¥ - HRLITENO 40 SISKIVEY TVQON




. - %‘ v;} -
H l"
DONE FOR EACH
. : SUBSTRUCTURE NASTRAN BULK
Z DATA DECK
: ___{..__,._._.._-_.Jy PRINTED OUTPUT
‘ Ba 1) RIGID BODY CHECK

NASTRAN 2) CHECK ON SOLVED TRANSFORMATIONS
PRASE 1 > 3) MPC CHECK
T 4} MASS CHECK

OUTHUT PLOTS

Yy 1) UNDEFORMED SUBSTRUCTURE

2) FREE-FREE MODES OR FREE MODES
FIXED AT INTERFACE

YN N P e v @ g

OUTPUT ON TAFPE

Kas REDUCED STIFFNESS
Maa REDUCED MASS MATRIX

NASTRAN COPY RUN

COPY ALl REDUTED MATRICES OF
SUBSTRUCTURES TO BE COUPLED ONTO 1
TAPE, INCLUDE COLUMN PARTITION
VECTOR TO MERGE EACH SUBSTRUCTURE
INTO PSEUDO-STRUCTURE @ - LINEUP

e e - — e ——— — .  — —— — W ——— —— ———

-

#GRID CARDS FOR PHASE 1 WHICH
CORTAIX AY a-SET DEGREES OF
FREEDOM PRINTED & PLOT

SPCCM.!IBTOEMATEDN. r—‘MMSMASm

0. FREEDOM THAT HAVE BEEN PHASF 1
RELEASED AT ABOVE GRID POINTS |y | NASTR

INCIUDE PLOTEL ELBMENTS PHASE 2
CONNECTING ABOVE GRID POINTS e o o — . IF NECESSARY
SO THAT PLOTS CA{ BE CBTAINED 1
IN PHASE 2 |
MFC CARDE TO COMBINE .NTERFACE {

DEG. OF FREEDOM. A TAPE GENERATED

, FOR BACH SUBSTTUCTURE

OQUTFUT ON TAFE CONTAINING RESULTS FROM
REDUCED PSEUDO-STRUCTURE PHASE 2 SO THAT DETAILED | :
STIFFNESS & MASS Kay, Maa| | INFORMATICN CAN BE CHTAINED

e

R e B S

e

FOR POSSIBLE FURTHER IN PHASE 3
SNOTE: A SUBSTRUCTURES COUPLING, At - g
MUST HAVE UNIQUE !
GRIV I1.D. NUMBERS o
PHASE 3

Figure 21i.- Flow diagram for NASTRAN substructuring to obtain normal
modes (Rigid Format 3),
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(a) First and second free bending modes.

Figure 30.- Shape for SRB modes.

239

i

2P Kdem e

]

T

Cude

Ta

Foa

N
w g Ly

.,.v}&s .. .
by R
Ms.\ﬁu T s e

T Fy

oo
o .rﬁd



o omee

PPN BAGATIN E Yt L A S gy ey ey oar N vm et h

et e o o

FORWARD

SKIRT SKIRT
a o= == - INNER RADIUS OF PROPELLANT
SKIN LINE

/— SKIN LINE

] AP

T -\ CENTER LINE

OF SRB

(b) Free longitudinal rod mode showing longitudinal thickness
shear deflection. 196.0 Hz.

Figure 30.- Concluded.

2Lo



e e s oaa

. > Py e gevm

(a) First free bending mode. (b) Second free bending (¢) Longitudinal mode
56.4 Hz. node. 173.0 Hz, showing some tor-
sion. 196.1 Hz.

Figure 31.- Shapes for SRB bending modes.
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SEISMIC ANALYSIS OF NUCLEAR POWER PLANT STRUCTURES
by

James Chi-Dian Go
Computer Sciences Corporation

ABSTRACT

‘ Primary structures for nuclear power plants are designed to resist expected earthquakes

of the site. Two intensities are referred to as Operating Basis Earthquake and Design
Basis Earthquake. These structures are required to accommodate these seismic load-
ings without loss of their functional integrity. Thus, no plastic yield is allowed.

NeE This paper describes the application of NASTRAN in analyzing some of these seismic

induced structural dynamic problems and shows that NASTRAN, with some modifications,
can be used to analyze most structures that are subjected to seismic loads. A brief review
of the formulation of seismic-induced structural dynamics is also presented.

Two typical structural problems were selected to illustrate the application of the various

" m.-hods of seismic structural analysis by the NASTRAN system.

INTRODUCTION

This paper describes the basic formulation and the method of solution by NASTRAN for
the structural responses due to seismic disturbances. Some illustration problems are
also presented. The discussion is primarily aimed at nuclear power plant structures;
however, it could be applied to other types of structures since the seismic requirements
on nuclear power plants are more stringent than most other structures.

ANALYTICAL FORMULATION
The seismic loading is described by the ground acceleration, A(t) . Disregarding the

sofl-structure interaction effect, the structure is subjected to the ground acceleration at
its foundation. Thus, the equation of motion for the structure can be expressed as

PRECEDING PAGE BLANK NOT FIL.MFD
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where

Expressing equatioa (1) by normal mode coordinates, we reduced it to the following

&
[c]
[x]
x}
{e}

A)

mass matrix

damping matrix

stiffness matrix

displacement matrix

directional cosines ihat relate (X} to A(t)

ground acceleration

uncoupled equation:

MY+ 2aMu Yy + KYy = -TMA®)

where
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[¢]
{x}
{x}

characteristic matrix
4]t
o}
[+

{¢Jr[MB¢i} = Generalized maas for the ith mode

L

2wi{ey Tlml {#}
o Tmli}
ol [m] 10}

Undamped circular frequency of the it? moce

= Damping ratio for the i*h mode

= Participation factor for the ith mode

Mode shape matrix of the ith mode

Transpose of 9,

1)

2)
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w; and {8;} are calculated from:
|I]- o] = o 3)

METHODS OF SOLUTION

The NASTRAN system offers the following methods of solution:

1)

@)

@)

Rigid Format 3; Mode Shape Analysis:

The frequencies of the structure are obtained by Rigid Format 5. From these
frequencies an equivalent static load is estimated to facilitate the preliminary
design and analysis. The Uniform Building Code accepts this approximate
analysis without further analysis by spectrum method or transient ‘ethod

Rigid Format 9; Direct Transient

The degrees of freedom of the structure are condensed by Guyan reduction.

The mass of the siructure is distributed and input via CONM2 cards. The
forcing function, -A(t)M; is input by TLOAD1 cards, where Af(t) is the ground
acceleration history and M; the concentrated mass specified by CONM2 cards.
The time function, A(l) , is specified by TABLE1 cards, and the scale factors
of DAREA cards are set equal to the numerical values of M; .

Rigid Format 8 or 11; Direct Frequency Responses or Model Frequency and
Random Response

The mass of the structure is distributed at the active DOF and input via CONM2

cards. The loading is input by RLOADI cards. The loading is equal to -SA (f) * M;

where SA(f) is the seismic spectrum, M; is the mass at DOF i, and { are the

frequencies. SA(f) is input by TABLED1 and M; bty DAREA cards as scale fac-

tors. These analyses should be performed by restarting from Rigi* Format 3 run. .

JLLUSTRATION PROBLEMS

e

Heat Exchanger (Test Model)

The heat exchanger structure as shown in Figure 1 is analyzed according to

Uniform Building Code, UBC. The frequencies were obtained by Rigid Format 3.

An equivaieut static load was computed according to UBC and static analysis was
made unde.' the comtined loadings of this equivalent seismic load, thermal loads

and differential air pressure. Rect..is of this combined lnading was compared with
other specified combined loadings. Ynder this seismic analysis, this heat exchanger
is only qualified 2= a separate test unit and not as a part of any nuclear power plant.

2h>

o TS

reeee gl yer SUSGIORCAY. &y AW

.



(2)  Shielding Structures

A GRS RT3 R
-

Figures 2 and 3 show the NASTRAN model of an interim fuel element decaying
shielding system. This system consists of a cover plate, a neutron shield, and
3 a thermal shield. The transport equipment which is movable and locked on the
1 cover when in use is considered as nonstructural mass. The cover plate,

the neutron, and the thermal shield are modeled by plate elements and cornect-
ing bars by bar elements. This model has about 1200 DOF and was condensed
tc about 250 DOF by Guyan reduction. The difference between the fundamental

1 frequency of the original model and of the Guyan model is less than 1%.

CONCLUSION

C g e -

From the experiences nased on these analyses, it is obvious that NASTRAN cau be used to
analyze structural dynamics under seismic loads. The NASTRAN system has no limitation
on the structural model size as imposed in most other general purpose structural analysis
programs. Other advantages in using the NASTRAN system in dealing with seismic
analysis are:

Restart and loading combinations

Flexible I1/0 format

Model applicable to all computers and analysis
Complete selection of analysis methods

We did not make any cost comparison with any other programs; however, we believe the
overall cost (man-hours plus computer charges) are lower than other major programs.

e
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Figure 1.- Heat exchanger (test unit).
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BLADE DYNAMICS ANALYSIS USING NASTRAN
By Peter S. ¥uo

Avco Lycoming Division
Stratford, Connecticut

SUMMARY

The complexities of turbine engine blade vibration are compounded by blade geometry, temperature gradi-
ents, and rotational speeds. Experience indicates that dynamics analysis using the finite element approach pro-
vides an effective means for predicting vibration characteristics of compressor and turbine blades whose geometry
. may be irregular, have curved boundaries, and be subjected to high temperatures and speeds.

: The NASTRAN program was chosen to help analyze the dynamics of normal modes, rotational stiffening
‘ and thermal effects on the normal modes, and forced responses. The program has produced reasonable success.

'This paper presents the analytical procedures and the NASTRAN resuits, in comparison with a conventional
' % heam element program and laboratory data.

INTRODUCTION

] Accurate prediction of blade vibration in axial-flow compressors and turbines is one of the most important
design steps in the development of modern gas-turbine engines. This prediction includes the calculations of blade
natural frequencies and modes, rotational stiftening and thermal effects on the normal modes, and the blade
B forced responses. Vibration analyses performed previously with the use of beam eiement theory and a lumned
i® mass approach were found to be inadequate because of the structural complexity in advanced blade design. The
BE NASTRAN (NASA STRUCTURAL ANALYSIS) finite element method, modeling by plate elements, has pro-

£ duced reasonabie agreement with the measured data, and therefore a computerized blade geometry generator has
l been developed to reduce the structural idealization effort. This development is incorporated with other dynamic
g analyses using NASTRAN.

NASTRAN BLADE DYNAMICS ANALYSIS PROCEDURE

K A complete dynamics analytical procedure primarily for determining blade frequencies and modes using
NASTRAN (Leve! 12.0) has been developed at Avco Lycoming Division. An outline of the theoretical ap-
proaches is described as follows:

B 1) An automated blade geometry generator using streamline definition is provided as a NASTRAN prepro-
cessor, which constructs a grid-point pattarn following the blade streamline fiows and/or curved boundaries.
This generator produces an accurate NASTRAN modef of an irregular biade configuration, and it minimizes
the input data preparation.

2)  After the geometry of a blade is generated, NASTRAN normal mode analysis (Rigid Format #3) is used to
perform the static natural frequency and mode shape calculations (no rotational stiffening effect). The
eigenvalue extraction method {Inverse Power) is selected to determine the roots within a frequency range
of interest. The results of the calculation for natural frequencies and modes are examined for design use.

3) The effect of rotational (inertia) stiffenir~ on the natural frequencies and mode shapes of a rotating blade
must be considered in the analysis. This is achieved, within the NASTRAN program, by introducing the
preload stiffening effects (“'differential stitfness’ terms) into the free-mode calculations (Reference 1).
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4)  Temperature variations in 3 blade wili affect the structural stiffness and therefore the eigenvalue solutic
Temperature distribution is reflected by material property changes, so the effect of temperature gradier
can then be accounted for in the normal mode analysis with or without rotational stiffening effect.

5)  The calculated eigenvectors from the previous analyses may be utilized as input data to the related mc
of the NASTRAN program for a forced response analysis. An example of such an application is the
NASTRAN transient analysis using the modal formulation method.

DESCRIPTION OF NASTRAN BLADE MODEL GENERATOR

A computer program to automate a blade structural model has been provided as the NASTRAN preproces
The model generator provides a punchaut or a printout or both for all necessary definitions in a form suitable 1
NASTRAN bulk data input (Reference 2). This input includes the GRID space coordinates, CTRIA2 definition
PTRIA2 properties, MPC constraint conditions, etc.

The program takes a blade geometry defined by a set of aerodynamic flow streamlines and the associated
blade profiles (airfoils} to form a NASTRAN finite element model. The model grid-point pattern follows the
streamline flows or the curved boundaries, or both, of the structure. The object of the model design is to ob.:
an accurate blade model definition and to minimize the bandwidth of the gridwork for best computing efficien:
Finite elements with nearly equilateral triangles are formed by interconnecting the grid points. This interconner
tion represents the middle surface of the curved blade, which has a rectanguiar XYZ-coordinate system referred
the axial, tangential, and radial directicns nf the rotating machine. The calculation procedure for finite element
presentation involves the following:

The program,
1)  Determines the camber-line of a blade section given on a nonplanar surface.
2}  Divides the camber-line and the biade length into segments according to an input percent value.

3) Calcuiates the cross-sectional thickness at each grid point iocation, starting at the leading edge and termin-
ing at the trailing edge.

4) Interconnects the grid points between the two adjace. t blade sections to form finite elements with nearly
equilateral triangles, starting from the tip and ending at the hub.

8)  Transfers the initial vertical axis of a section to be coinciuent with the blade stacking line forming a rec-
tangular XYZ-coordinate system referred to the axial, tangential, and radial direction of a rotor.

6)  Deletes the rotational degree of freedom normal to the blade surface by defining multiple-point-constraint
{MPC) conditions at each grid point. This constraint will eliminate the grid-point singularities.

As a demonstration related to the above calculation procedure, Figure 1 shows: a) a typical airfoil turbi

blade section, b) the composite view of the airfoil profiles, and ¢} the two-dimensional blade model plotted
by the generator.
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Another example shown in Figure 2 is an undeformed compressor blade model with a streamline grid-point

%mtern.
X &JASTRAN prepracessor,

This fiqure was generated by the NASTRAN program in orthographic projection with the use of the

RESULTS

Normal Mode Analysis

NASTRAN normal mode analysis (Rigid Format #3) was performed to determine the natural frequencies
and modes of both compressor and turbine blades of representative confir ~ations. The blades analyzed
are variable in geometry and are assumed cantilevered at their root fixity with complete boundary single-
point constraints,

A)

B)

Compressor Blade Example

A compressor blade whose characteristics are a wide chord and thin section geometry (Figure 3)
was chosen to demonstrate the NASTRAN calculations. This full-size blade has an approximate
geometry as follows: aspect ratio = 1.75 (blade length/chord length at tip), twisting angle =

31 degrees (at the tip), and the maxirhum thickness taper ratio = 0.35 (tip/hub). Table 1 pre-
sents a summary of vibration data obtained from: 1) NASTRAN ({using finite plate elements),
2) lumped mass vibration program analysis (using beam theory, Reference 3), and 3) shaker
test of the actual blade.

Figures 3 and 4 show the resonant frequencies and nodal patterns (zero deflection lines) deter-
mined by the shaker test while using 2 stroboscope, hand-held vibration pickup, and oscilloscope.

The corresponding NASTRAN orthographic projections of the undeformed and deformed models
are shown in Figures 5 and 6.

Turbine Blade Example

A shaker test was conducted with a power turbine blade, in a manner similar to the test with the
compressor blade, to determine the resonant frequencies and vibration modes of a 10X size cast-
aluminum model. The measured data were then used to confirm those from the NASTRAN analysis
for the actua! engine blade size by applying an equivalent scale factor.

The test model on its shaker mounting and the NASTRAN model generated by the preprocessor
are shown in Figures 7 and 8, respectively.

Table 2 represents the results (natural frequencies and mode shapes) obtained from NASTRAN as
well as by measurements.

Blade Rotational Stif ning Calculations

The present NASTRAN normal mode analysis is limited to nonrotsting structures. However, the effect of
rotational stiffening on the natural frequencies of a rotating blade can be included by using the program'’s
DMAP (Direct Matrix Abstraction Program) feature. This objective is achieved by aitering the origiral com-
putational ssquences so that the terms of the “differential stiffness” can be combined with the structural
stiffness matrices (References 1 and 4).
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The effect of rotational stiffening in the rotational field of a compressor blade (Figure 3) has been demonstrat
ed. The frequency increase with respect to rotational speed are plotted on an excitation diagram {Figure 9).
This data is compared with the corresponding data computed by an in-house vibration program, which employ
the “transfer matrix’’ technique applied to a lumped parameter model of the beam.

Blade Modal Transient Response

The performance of the NASTRAN modal transient response (Rigid Format #12) was investigated with the
use of the existing compressor blade model (Figure 5). The program’s general functions were demonstrated
by several computer runs with simplified dynamic loadings, so that the tim. -dependent forced responses of
a blade may be studied in plots of displacement, velocity, and stress versus time. One of such plots, illustrat-
ing transient motion resulting from an arbitrary loading and damping, is shown in Figure 10 as an example.

Blade Thermal Variation Effect

The combined effect of high-temperature gradients associated with rotational speed fields on the dynamic
characteristics of a turbine blade must be analyzed. The steady-state thermal variations within the structure
will be reflected by material property changes from element to element. By superposing the thermal and
centrifugal influences, the simulation of engine operating environments for a turbine blade can be accomplishet
No numerical example is presented here.

DISCUSSION OF RESULTS

From the results summarized in Table 1, the NASTRAN finite element method has proved to be superior in
accuracy to the vibration program employing beam theory. The use of a conventional beam element to
idealize a blade structure will result in two inherent restrictions related to the beam theory: 1) neglecting
warping displacements (i.e., plane sections remain plane), and 2) assuming no chordwise flexibility (i.e., each
section retains its cross-sectional shape). The exclusion of warping constraints has significantly decreased the
torsional rigidity, and therefore the torsional frequencies, of the beams. For the compressor blade analyzed,
deviations of 28 and 30 percent compared with NASTRAN were found for the first and second torsional
frequency respectively. However, a torsional frequency increase of more than 100 percent has been reported
in thin-walled beams with open cross sections due to the inclusion of the warping effect (Reference 5).

The second restriction (above), assuming no cross-sectional deformation of the bezam elements, introduces
considerable errors in bending modes of higher order. The errors are particularly high for the blades with
low aspect ratio and thin cross section, where the blade chordwise deformations must not be neglected.

The overall correlation between the laboratory measurements and NASTRAN normal mode analysis has been
reasonably good, especially in the case of compressor blades, and for the frequencies of lower modes. De-
viation of results attributed to mechanical tolerances, methods of measurement, and thickness approximation
in model idealization may be expected. One of the significant differences is the turbine blade mode No. 4
(Table 2), which has not been identified by the NASTRAN in the search of eigeivalue solutions (inverse
Power Method). However, since test modes 4 and 5 show small distinction between their nodal patterns,

it suggests that the additional laboratory confirmations are clesirable before any conclusions may be made re-
garding the missing mode.
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3) In the excitation diagram (Figure 9), the rotational stiffening effects obtained from the beam element model
and the plate element model (NASTRAN) are compared. To simplify the comparisons, however, the bend-
ing frequency curves (dashed) generated by the beam program are assumed to be coincident with NASTRAN
data at the zero speed so that the trend of frequency incteases predicted by both programs can be compared
directly, The NASTRAN-computed points at 12,000 and 20,000 rpm show a reasonable relation with the
resufts from the beam program. Variation exists in the second bfade bending mode; in this case NASTRAN
indicates a smaiier frequency gain. The difference could be attributed to the coupling effect between the
NASTRAN second bending and first torsion modes because of their closeness in frequency. In addition, the
centrifugal stiffening effect on torsional modes has also been predicted by NASTRAN (neglected in the beam
program because of lack of elastic axis information), although the percentages of increase are relatively smaller.

The natural frequencies are observed to increase as the product {rotational speed)2 {disk radius) increases

since centrifugal force is a stiffening influence. However, the amplitude of frequency increase is alsn a

function of blade aspect ratio and blade setting angle (Reference 6). The present study does not have

sufficient data to evaluate these individual parameters, but it is felt that the plate finite element method

will refiect the simifar trend as experienced by the beam theory for these parameters. .

- Py v ms s g
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4)  In the forced response plot (Figure 10}, the blade is acted on by an external harmonic force {arbitrary ampli-
tude) having a frequency of 60 Hz which is 8.8 times as slow as the first mode of the blade (529 Hz). The
cosine function periodic force is applied at a grid point on the leading edge in X-direction. The predicted
transient response is constructed for a selected point on the tip. As shown in the plot, the total response
at any instant between 0 and 0.022 seconds consists of the damped free vibration superposed on the forced
motion. The displacement of the free vibration will, after a short time, disappear due to damping ~ffect.
Only the forced motion may continue. The higher frequency (529 Hz) appearing in the response corresponds
to the first mode of the blade. Two fowest natural modes were introduced into the modal formulation
transient response analysis.

¥ Sk n gt

CONCLUDING REMARKS

“
g S 7

The automated blade geometry generator has significantly simplified the data preparation effort for the NASTRAN
program. However, due to the generalized nature of this program (Level 12.0), the computing efficiency associated
with eigenvalue extraction is low so that its use is costly.

o B w

NASTRAN finite element modeling using a plate element has provided an effective meanz for predicting hlade vib-
rations. This conclusion is based on a comparison of results obtained from the NASTRAN program with experi-

mental resuits and classical theory.
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Table 2. TURBINE BLADE VIBRATION DATA COMPARISONS
NATURAL FREQUENCY AND MODES

O T SN e < W, (r S 7 v gk N e s < e g -

SHAKER TEST-TURBINE NASTRAN RESULTS
BLADE MODEL (10 x SIZE) ENGINE BLADE (1 x SIZE)
MODE SHAPE MODE SHAPE
; MODE NATURAL FREQUENCY, Hz* REMARKS
§ NO. ; . Test ;quuten:); Was
N ] 4 justec o
: 1 / 3.800 3850 1 Compensate Model
; i Root Radius Variation
;; .
] 2 e 7.940 7700 / ,,,,,
( ( 1 |
r ~ 3 1 'U 9.910 9420 d
NASTRAN Does Not
4 12610 - ’:Z: Yield this Mode
5 14620 14,180 .
i 6 16 320 16.760 Ty
- V 7 23990 21890
8 24 500 23.510

*The Listed Modei Blade (10 x Size) Frequencies Are in Terms of the Equivalent
Actual Engine Blade at Room Tennerature
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NATURAL FREQUENCY, Hz

266

Static Bending Natural Frequencies
Calculated by Beam Program Are
Assumed to Be Coincided with
NASTRAN Data at Zero rpm

O NASTRAN POINT

- —=—BEAM PROGRAM
16

6000

5000 6——— 2nd TORSION (NASTRAN)_O

4000

O

3000

1st TORSION (NASTRAN)

2000

B-—-.—-_g..-"“"‘ - J—//‘-.

2nd BENDING

P

0

1000 e ///

1 |

0

Figure

4000 8000 12000 16000  20UC0 24000

ROTOR SPEED, RPM

9.- Excitation diagram of the wide-chord compressor blade
showing the rotational stiffening effects.
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2 TIME-DEPENDENT DYNAMIC LOAD

X 10 “- - ~ _
10 [Pk} = {Ajk) B eCt cos afict + gp), 0 < t < tok —tik
I ForB=C=¢ =0 ” E
8 —— =
I “ {Pik(t)} = {Ajk} cos (2ﬂfkt)5
e 11—
6 H I+ Ajk =10 iz
INPUT { t=0~022sec ~ n
l\ -— —' -\ — B e ———
2 N f = 60 Hz /ﬂ ‘
4 | | #
| o~ ] | \
® \ Damped Free -
= e \ Vibration Bladeh—v h _“
235 , (_ _| 1st Mode _ QU
9 | (529 Hzl) 4 \
a b \— , —V U [ |-
E O E‘ 0 A\
| = O \ |/
: 5 1} \e_ —
1 25
=2 0 - ——ﬂ_— - U \|_|
e Q \
| = X U —I1- ) ||
“ 1
4 \

\} b \\ 7
-6 =1 1.1 11l Input Forced Motion_u.__
l‘l U (60 Hz)

-8 — o3
il “ , -
0 4 8 12 16 20 24 x 10 .
TIME, SECOND ,
Figure 10.- Example of starting transient of the wide-chord
compressor blade. v
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A NASTRAN DMAP ALTER FOR DETERMINING A LOCAL
STIFFNESS MODIFICATION TO OBTAIN A SPECIFIED EIGENVALUE
By William R, Case, Jr.

NASA Goddard Space Flight Center

SUMMARY

Ll R R VI e -

This paper describes a technique, which has been programmed
S a DMAP Alter to Rigid Format 3, for determining a stiffness
atrix modification to obtain a specified eigenvalue for a
tructure. The stiffness matrix modifications allowable are
hose that can be described as the product of a single scalar
ariable and a matrix of constant coefficients input by the user.
b he program solves for the scalar variable multiplier which will
ield a specified eigenvalue for the complete structure (pro-
ided it exists), makes the modification to the stiffness matrix,
nd proceeds in Rigid Format 3 to obtain the eigenvalues and
igenvectors of the modified structure.

-

——

INTRODUCTION

a : The motivation for devising a technique for determining a
;‘ local stiffness modification to obtain a specified eigenvalue
temmed from several launch loads analyses performed at the
oddard Space Flight Center in which these analyses were updated
. sing data from hardmount spacecraft vibration tests. Quite
%rl ften, spacecraft are attached to their launch vehicle via a
'  Marmon type clamp band. Generally, the clamp baud attaches
. .. the spacecraft to an adapter section which in turn is bolted to
..~ khe launch vehicle. However, the stiffness of the clamp band is
L ften not known well enovugh to make an accurate analytical pre- .
iction of the fundamental mode of the spacecraft adapter struc- .
ure when cantilevered from the base of the adapter, as it is in
he spacecraft vibration tests. Thus, the original launch loads
hnalyses are updated to reflect these discrepancies once the
odes of the spacecraft-adapter structure have been measured in

/ S tests [}

, 8
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Updating any finite element model to agree with modal data
obtained from tests usually requires a trial and error process
in which some local stiffness is adjusted until the fundamental
mode of the model agrees with the test data. However, if a value
for the local stiffness exists which will give the finite element
model the measured eigenvalue, then this stiffrness can be found
analytically.

The DMAP Alter presented computes the value of the stiffness
(or stiffness change) and adds this to the original stiffness
matrix for the finite element model. The program then proceeds
in Rigid Format 3 to compute the remaining eigenvalues and
eigenvectors for the finite element model.

PRI
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THEORETICAL DESCRIPTION

In real eigenvalue analysis, NASTRAN solves for the eigen-~
values and eigenvectors for the analysisl(or Ua) degrees of
freedom from

[K,. - A\M

aa an {Ua} =0 (1)

The stiffness watrix for the U, degrees of freedom is obtained
from the original Uy degrees of freedom through the application
of constraints and Guyan reduction. The stiifness matrix Kgg
for the Ugq degrees of freedom can be considered to be the sum
of two matrices

K = K AK 2
99 ~ “gg9, T “gg (2)
where Kgg contains the stiffnesses for the finite element model ¢
o :
which will not be modified and AKgg contains all of those stiff-

nesses that will be modified. Thé modification technique des-
cribed in this paper is one in which the stiffnesses to be
modified are all proportional to some scalar variable, which will

be denoted as B. Thus, Axgg can be written as

270
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AK = gK (3)

99 99
where K' are the values of the'L\Kgg coefficients per unit value
of the s¢alar vari-ble 8. The K matrix could represent, for

example, the portion of the finit@9elenent model represented by
several beam elements of the same cross section whose moment of
inertia we wanted to vary. 1In this case, 8 would be the moment
of inertia of those beams and K' would be the stiffness
coefficients for these beams perggnit moment of inertia.

In gereral, AK can be any portion of the finite element
model whose stiffne8s coefficients vary proportionally to some
known variable. This variable could not, therefore, be the
thickness of plate elements since the bending stiffness varies
as the cube of the thickness while the transvesrse shear and

i; membrane stiffnesses vary with the first power of the thickness.
¢ If, however, the plates were pure bending plates {no membrane or

transverse shear), then all of the stiffness coefficients would
vary with the cube of the thickness and we would be able to

B cxpress the stiffness of those plate elements by an equation of

the type in equation (3) where B could be taken as the cube of
the thickness or the bending rigidity D.

Thus, considering only those applications in which the

\:? stiffness matrix for a portion of the structure can be represented

as in equation (32) where B is a single scalar variable, the

f stiffness matrix for the complete structure (eq. (2)) becomes

®

K _=K_ + BK -

ag 99, P 99 (4) B

The stiffness matrix in equation (4) can be reduced to thre ;;ﬁ

| analysis set of degrees of freedom U, through the application R 4
1 of multi and single point constraints and through the Guyan ﬁﬁﬁ
{ reduction of the omitted pointe as mentioned above. The only i
restriction in the DMAP Alter presented herein is that the i
i degrees of freedom that have stiffnesses thut will be modified L
are not allowed to belong to the "0" set (omitted coordinates). .
g
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Following the normal procedures for reducing from the Uq4 to
the Ua degrees of freedom (with the restrictions mentioned above),
the eigenvalue problem as stated in equation (1) can be written
as

[Kaao + BK __ = M ] {ua} =0 (5)

The problem is to find a value of f that will result in one
of the eigenvalues (usually the first nonzero eigenvalue) attain-
ing a specified value, say ) ;. Setting A equal to the specified
value Xl in equation (5) results in the equation

[(Kaao-xlmaa) + BK 5] (U b =0 (6)

In order for there to be a nontrivial solution to equation
(6), the determinant of the coefficient matrix must vanish, This
will result in a polynomial in B equal to zero, that is,

pi{g) =0

Thus, the solution for the value of § that will provide a
specified eigenvalue (provided such value of g exists) may be
obtained by solving an eigenvalue problem, using equation (6),
for 8. This can be readily accomplished in NASTRAN using the
module READ by inputting to READ the matrix (Kaa - XlMaa) as

the "stiffness" matrix and the matrix K' as the "mass" matrix.
The resulting "eigenvalue" found by READ will be the value of §
that will provide the stiffness modification necessary for the
structure to have the real eigenvalue Xl.

It should be pointed out that there is no guarantee that the
process will always work. There may be no modification of the
portion of the structure we are attempting to modify that will
result in the specified eigenvalue A,. However, the analyst
can often tell, by comparison of his original finite element
modes with those obtained from tests, what portion of the model
appears to be too stiff or too flexible. In these instances,
the procedure outlined in this paper for determining the stiffness
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é REPRODUCIBILITY OF THE ORIGINAL PAGE 1S POOR.
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flodification should relieve the analyst of the burden of making
iirbitrary changes in the stiffnesses and solving repeated eigen-
?alae problems until the model agrees with the test. Since the
Lechnique outlined is one in which a stiffness change is deter=-
nined which will provide one eigenvalue equal to a specified
falue, it appears that it will be most useful when there is
Qisagreement between the original model and test results in a
fundamental mode. It should also be mentioned that the stiff-
1ess change, while providing a specified fundamental mode, will
pbviously yield higher modes different from those obtained from
-he original or unmodified finite element model. There is no
guarantee that these new higher modes will agree any better with
the test modes than those from the original model.

i INPUT TO THE PROGRAM

The data deck required to make a run to modify part of the
}tructure and obtain the resulting eigenvalues will be discussed
in terms of changes to a normal deck for Rigid Format 3, real
tigenvalue analysis.

Case Control Deck
Two subceses are required. In the first subcase, a METH@D

bard selects an EIGB bulk data card@ which will be used for the
igenvalue extraction for B.

The second subcase contains the normal case control cards
hat the user would have in any Rigid Format 3 run including a
ETHPD card which selects the EIGR bulk data card for the real
igenvalues .. The result of this subcase will be the normal
eal eigenvi.ue analysis output with one of the modes equal to
he specified eigenvalue (to be specified in the Bulk Data Deck).

Bulk Data Deck

. Input of the normal finite element model of the structnre
which would be used in a real eigenvalue analysis. From
this finite element model the stiffness matrix K will be

o
built by NASTRAN. This could be the identical cards used to

e
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describe the structure if an original modal analysis had
been performed and the user were now rerunning it to modify
part of the structure. In this case, the value of B deter-
mined in the current run would be the change in stiffness
of the modified part of the structure. Included in these
cards, of courte, is the EIGR card requested hy subcase 2
which will find all desired modes subsequent to the modi-
fication.

2. DMIG input of X _ .
gg

3. EIGB card requested by subcase 1 for finding the "eigenvalue"”
B. The normalization for the eigenvector must be MASS.
If the scalar variablie multiplier of K .., is, for example,
the moment of inertia of some of the beam elements, then
the search range should be the range over which the user
expects the change in this variable to lie (change with
respect to the value that is in the finite element model
in item 1).

4. A PARAM bulk data card with parameter name = FRZQ and value
egual to the frequency (in Hz) of the mode the user wishes
to specify.

DMAP ALTER DESCRIPTION

Appendix A lists the DMAP Alters to Rigid Format 3, Level
15.1.0, required to solve for the stiffness modification, to as-
semble the new stiffness matrix, and to proceed in Rigid Format 3
to obtain all of the desired eigenvalues and eigenvectors of the
modified system. Several of the Alter statements are discussed i,
in the appendix to clarify their function. In general, all !
the DMAP modules used but on~ are standard DMAP modules de- :
scribed in the NASTRAN User's or Programmer's Manuals. The module
SCALAR, however, is a new module written and added to NASTRAN at
the Goddard Space Flight Center and will be an available DMAP
module in level 16 when it is released. Basically, this is a
module that accepts matrices as input and will output cne
coefficient of the matrix as a NASTRAN complex, single or double
precision paramgter that can be used, for example, in the DMAP
module ADD to multiply other matrices by. This was needed since
the only way the scalar value of B could be obtainod as data that
could be used in subsequent DMAP statements was in the matrix
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KHHK output from module GKAM following the eigenvalue extraction
for 8. The module SCALAR was used to extract p from KHHK. The
matrix KHHK is the "modal stiffness" matrix found from the
eigenvalue run to obtain B. If tre normalization on the EIGB
bulk data card requests normalizution to unit modal mass, then
the coefficient in KHHK will be B.

SAMPY'E PRNBLEMS

> Using the DMAP Alter program, two sample problems have been
&F. run. Figure 1 shows a beam finite element model of the UK-5
' spacecraft and adapter to be flown on the Scout vehicl>. The

. spacecraft and adapter are attached via a Marmon clamp, which

- in this finite element model is modeled as a scalar spring. 1In
B the original analysis, the model contained no scalar spring

i clement for the clamp band and the adapter and spacecraft were
B3 assumed rigidly connected. The fundamental bending mode

€. obtained from this finite element model was 43 Hz. Subsequent
k. tests of the system indicated that the first mode was at 33 Hz
f and that the Marmon clamp did not appear "infinitely" stiff.

B Thus, the mndel vas modified by including a spring between the
\a<¢adapter and spacecraft. The second run, made to determine the
<+ ,value that the spring should have to obtain a 33 Hz :irst

%4 bending mode contained the following changes:

l. removal of the MPC rigid constraint at the adapter/spacaecraft
: interface that was used in the original analysis to simula:ce
zero bending flexibility at that joint

12. addition of DMIG matrix input of a scalar spring stiffness
matrix per unit value of stiffness:

"0 0...0 0...07
TR I T TR S Y
99 0 0...-1 1...0
0o o 0 0 O

where the nonzero values correspornd to the rows and columns
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represented by the grid points and rotational degrees of
freedom to which the scalar spring connects

3. EIGB bulk data card to find kg (B is k, in this problem)
with eigenvector normalization to MASS’

4, PARAM FREQ bulk data card with value 33 Hz (complex single
precision)

The data deck for *this run is listed in Appendix B. The
output from subcase 1 gave the value of kg needed to obtain a
33 Hz first bending mode, namely, 4.3 x 102 N/m (24.5 x 10° 1b/in).
Subcase 2 then was executed to obtain the eigenvalues and eigen-
vectors for the system with this spring in the model. The
resulting eigenvalues were a 33 Hz first mode with the second
mode changing, in this case, by only a few percent from that
obtained from the original model.

Figure 2 shows another problem run using the DMAP Alter.
In this case, the structure is a stiffened plate simply supported
on all four sides. The plate is stiffened with an I-beam whose
area and offset distance are specified but whose moment of inertia
(about the beam centroidal axis) may be varied. The problem is
to determine the moment of inertia of the beam that will give a
40 Hz first symmetric bending mode of the structure. The struc-
ture was modeled with a 5x5 mesh of grid points equally spaced in
one quadrant of the plate. The DMIG matrix K'gg in this problcn
consisted of the stiffness of the beams (due to the bending moment
of inertia only) for all of the grid points to which the beams
were attached. The Bulk Data input for the finite element model
consisted of the normal input for such a structure but with zero
bending inertia for the beams (the area and offset distance were
input on the CRAR cards). The first subcase solved for the
moment of inertia of the beams that would result in a 40 Hz first
symmetric bending mode of the structure. This was determined as
855.8 cm? (20.56 indf. Subcase 2 then proceeded to obtain the
eigenvalues and eigenvectors of the modified system and it was
determined that the first mode was at 40 Hz.
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APPENDIX A

ALTER FOR DETERMINING LOCAL STIFFNESS CHANGE
TO OBTAIN A SPECIFIED EIGENVALUE
(RIGID FORMAT 3)

!MATPOOL’EQEXIN’SIL’/DKGGPQ’/V’N’LUSE!/V’NONODKP/
CoN9sO/CoeNs0 $

NODKP  $

GPLYUSETsSILyDKGGP//CoNeG/C+NeG $

DKGGP +OKNNP/MPCF1 §

USET9GM9eDKGGP 99 9/DKNNPsss $

DKNNPsDKFFP/SINGLE ¢

USETsOKNNP/OKFFP999/CoNoN/CoNoF/CoNsS &

OKFFPyDKAAP/OMIT §

USETsOKFFP/DKAAP999/CoN9F/CoNsA/CoNsO §

ALTER 75476

AOD
ADD
ADD
OPD

MAA*/MAAL/CoYoFREQ §

MAALl9/MAAZ/CoaY+FREQ §

MAA29KAA/DAA/CoNS (39,478429040)/CoNs (=14090.0) §
DYNAMICS9GPLSILIUSET/GPLDSILOYUSETOr999999EEDY
EQOYN/V'NvLUSET/V’VvLUSETDIVQNoNOTFL/V’NONOOLI/

VoeNsNOPSOL/VINsMOFRLZVeNs NONLFT/VeNsNOTRL/
VON’NOEED/C'N'lZ;/V’NQNOUE : )
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22 SAVE NOEED %
23 COnD ERROR2sNOEED 3
24 CHKPNT EED 9%

R g AN ST R A Fevatey

25 READ DAASDKAAP 9 yEED9USET» CASECC/LAMAK Y PHIAKyMIK 9 OE IGSK/
CoNeBUCKLING/VININEIGVK/CoNol %
‘ 26 SAVE NEIGV $
§ § 21 OFP LAM/K9OEIGSKe e99//VsNsCARDNOX
E % 28 SAVE CARDNOK §
2 29 GKAM sPHIAKsMIK9LAMAK s 9999 CASECC/MHHK » 9 KHHK s PHIDHK/

CoNs=1/CoNs1/CoYsLFREA=0,0/Cy Y9 HFREQ=0,0/CoNs=1/
§ CoNs=1/CoNp=1/VoNgINOCUP/VsNsFMODE ®

30 SCALAR KHHK//CsNe1/CoN91/VaNeBETA &

31 SAVE BETA $

) .
32 ADD DKAAPsKAA/KAAT/VeNIBETA 3
33 COND LBL6REACT $

. 34 RBMGI USEToKAAT 9 MAA/KLLIKLR9KRRSMLLIMLROMRR §
35 ALTER 85990

36 READ KAATsMAA9YMReDM9EEDIUSET 9 CASECC/LAMAYPHIAWMIVOEIGS/
. CoNoMODES/VININEIGV/CoNs2 §°
- 37 SAVE NEIGV $
38 CASE CASECC9e/CASEX2/CoNeTRAN/VNREPEATT=2/VsNeNOLOOP § f

39 ALTER 1054105

40 SOR2 CASEX29CSTMIMPTDITIEQEXINeSIL999BGPOPsLAMAQG,
PHRIGsEST¢/7+0Q619OPHIGSOES190EF1+sPPHIG/CINIREIG §

41 ALTER 109,109

42 PLOT PLTPARsGPSETS+ELSETS9CASEX29BGPDToEQEXINs SIPy 9 PPHIG/
PLOI;E/VvN9NSIL/VoNyLUSET/VoNoJUMPPLOT/VoNoPLTFLG/
VeNSsPFILE § ' )

@3 ENDALTER
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DESCRIPTION OF DMAP ALTER STATEMENTS

MTRXIN reads DMIG cards which contain the coefficients
of the K' matrix input by the user. These are the
stiffness Coefficients (for the portion of the structure
which will be modified) per unit value of the parameter
that they vary with, These can easily be determined by
running Rigid Format 1, up through GP4, with the bulk
data containing all grid points, coordinate systems, and
elements for the portion of the model to be modified.

These Alters perform the reduction on the K matrix
at the same location in Rigid Format 3 that gge reduc-
tions are performed on the stiffness matrix for the
remainder of the structure (Kgg ) .

Formulate the matrix K aa_ - \lMa using the input parameter

FREQ which is FREQ = 1 Jh' That is, FREQ is the fre-
1°

quency in Hz of the moge we are specifying the eigenvalue

for.

Solve an eigenvalue problem for g using the buckling
option in READ. The resulting "modal stiffness® matrix,
KHHK, which will be output from module GKAM, will contain
B on the diagonal since the eigenvector normalization on
the EIGB bulk data card is a normalization on unit modal
mass.

GKAM outputs the matrix KHHK.

SCALAR (discussed above) extracts a value from KHHK and
outputs it as a parameter (BETA).

ADD formulates the total stiffness K + BK .
aa, aa

READ extrac*s the eigenvalues and eigenvector of the
modified system, one of which will be the specified
eigenvalue AI
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APPENDIX 8

CASE CONTROL AND BULK DATA DECKS FOR UK-5 S/C = ADAPTER STIFFNESS MODIFICAT

TITLE = UKS SPACECRAFT AND EH SECTION
SUBTITLE = CANTILE/CRED MUDE SHAPES (LATERAL)
LABEL = STIFFNESS CALCULATION FOR CLAMP UBAND FOR 33 HZ FIRST BENDING
ECHO = UNSORT '
MPC = 52
SUBCASE 1
METHOD = 1
SUBCASE 2
METHOD = 2
ouTPUT
VECTOR = ALL
ELFORCE = ALL

SPCF = ALL
BEGIN BULK
s
$ LATERAL MODES
S
GRDSET 1345
BAROR 0. 1. 0. 1
€1G8 1 INV S.*6 Set? 1 1 le=d
+EIG] MASS
EIGR 2 INV 25. 400, 3 3 le=b
+EIG2 MaX

PARAM GRDPNT 0
PARAM WTMASS +002591

S
$ EH SECTION

$

GRID Sol @7.77 Qe 0. 123456
GRID 502 44, 0. 0,

GRID 503 40, 0. 0.

GRI1D S04 37.27 O 0.

CBAR 5001 5001 502 501

CBAR S002 5002 503 502

CBAR 5003 5003 504 S03

PBAR 5001 S001 2¢634 94,4 Q4.4 7246 «989
PBAR 5902 5001 2.138 59.5 59,5 45,.8 «989
PBAR 5003 5001 1e710 29.2 29.2 2244 «989
«BS011

+B5021

+B85031

+B5012 «185 +185

+B85022 +185 »185

+B5022 «185 + 185

MAT] 5001 loe? lee? o3

S

$ CONSTRAIN S/C = ADAPTER INTERFACE GRID POINTS TO BE THE
$ SAME EXCEPT IN ROTATIONAL UEGREE OF FREEOOM

$
MPC 51 504 1 1.0 601 1 1.0
MPC 52 504 2 1.0 601 2 “1.0

280

+ElG
+E1G

+850
+B850
+850
+B50_
+850
+B850



P L SRR O R S g egpe

$ UKS SPACECRAFT

i%j,QQQI......QQ.&!QQQQ.l.QQ....QQQ.QQCQ'GQ.QQ.QQD.Q."

s (222X XY 2RR X 22222222 X2 22222 S XY 22 22X YRR Y 0L
GRID €01 37.27 0.0 0.0
GRID 6c2 33.77 0.0
. GRID 603 30.27 0.0
' GRID 604 2677 0.0
i GRID 605 23.27 0.0
GRID 606 19,77 0.0
GRID 607 16,27 0.0
GRiD 608 12,77 0.0
; ICBAR 6001 6001 602 601
@ 'c8AR 6002 6002 603 602
: .CBAR 6003 6003 606 603
. CBAR 6004 6004 605 604
t CBAR 6005 6005 606 605
. CBAR 6006 6006 607 606
: CBAR 6007 6007 608 607
/CBAR 6008 6008 609 608
i IPBAR 6001 6001  3.062 37405 7,297 +86011
. 'PBAR 6002 6001 3441 44.87 4072 +86021
‘ ‘PBAR 6003 6001 3.525 64, 8.861 *86031
! [PBAR 6004 6001 3.225 #9.1 10.809 +86041
{ 'PBAR 6005 6001 3,075  118.5 13.492 *86051)
IPBAR 6006 6001 34165  156,5 10.618 +86061
o |PBAR 6007 6001 3,505  199.5 7.328 +86071
/PBAR 6008 6001 3.965 23846 25,31 +B6081
;+B6011 +B6012
l+B86021 +B6022
|+86031 +B6032
|+B6041 +86042
1 +B605] +B6052
[+B6061 +86062
|+B6071 +B6072
+B86081 +26082
+B86012 1907
*B6022 41697
+86032 1589
+B86042 41591
+86052 L1515
*B6062 1349
R *86072 .1207
R s +86082 L1067
VOOt MAT] 6001 lee7 lee? 3
N OMIG DKGGP 0 6 1 2
. DMIG DKGGP S04 6 S04 1.0 *DK1
i OMIG DKGGP 601 6 S04 =140 *DX2
’ +DK1 601 6 ~1.0
+DK2 601 6 1.0
PARAM FREQ 33. 0.
ENDDATA
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SCALAR SPRING GRID POINTS
(STIFFNESS k) /
_/—BAR ELEMENTS

e —

ADAPTER UK-5 SPACECRAFT

——— THEORETICAL MODE SHA
FOR kg=4.3X 109 N/M
(24.5 X106 LB/IN.

UK-5/ADAPTER FIRST F= 33K -
~ANTILEVERED BENDING ——— THEORETICAL MODE SHA
MODE SHAPE FOR kg —» OO

f = 43N2

O  MODE SHAPE FROM
UK-5/ADAPTER YIBRATI
TESTS
f=33H2

Figure 1.- Clamp-band stiffness modification to obtain 33 Hz first
bending mode for the UK- ) spacecraft and adapter.

282



———————— 1.524M
(60 IN.)
I
B t
i1
[
8896N~ | |
WEIGHT \' ' A
(20001LB) §' !
_________ —_———— b ]
- ———-4—=—11.524M (60 IN.)
-3 |
1 t | t 3
p by
i ! t
B PLATE
¥ SIMPLY SUPPORTED
B ALL 4 SIDES
A-A
g PLATE THICKNESS = 5.08 CM
' (2.0 IN.)
R ) (STEEL)
5.08 CM L | -
(2.0 IN.) BEAM AREA = 8.87 CM® (STEEL)
(1.375 IN2)

Figure 2.- Stifferer I modification to obtain 40 Hz first
mode rfor the simply supported stiffened plate.
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NASTRAN MULTIPARTITIONING AND '"ONE-SHOT'" SUBSTRUCTURING

By Alvin Levy

Grumman Aerospace Corporation, Bethpagze, New York

SUMMARY

For intermediate size problems where all the data is acces-
le, the present method of substructuring in three separate phases
'r static analysis) is unneccessarily cumbersome. The versa-
.ity of NASTRAN's DMAP and internal logic lends itself to find-
; @ practical alternative to these procedures whereby self-
itained special-purpose ALTER packages can be written to be run
;one pass. Two examples are presented here under the titles of
.tipartitioning and "one-shot" substructuring. The flow of
.tipartitioning resembles that of the present three-phase sub-
ructuring. The basic effect is to partition the structure
fo substructures and operate on each substructure separately.

s can be used to reduce the bandwidth of a given problem as

1 as to store information which will allow a change to be made
one of the substructures in a later run., This latter pro-
ure is carried out in a second program titled 'one-shot' sub-
ructuring.

INTRODUCTION

At present, in order to use MASTRAN substructuring for a
tic analysis, the user must perform a three-phase analysis on
structure as discussed in reference 1. In Phase I, the stiff-
s and load matrices are computed and saved for each substruc-
e. This requires a separate computer run for each substruc-
e, Phase II merges the reduced matrices from Phase I and
utes the substructure boundary (a-set) displacements. This
uires the input of one tape for each substructure, an ALTER
kage to suit the given problem, and user-generated partition
tors or multipoint constraints, In Phase III, each substruc-
e is restarted by using as input the a-set displacements computed
Phase II and Phase III gives as output the final solution. Once
ain, this procedure requires a separate run for each substructure.
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One of the useful applications of substructuring is to
allow the user to make changes to one or more of the substruc-
tures and regenrrate sclutions with a minimum of man and machine
. effort., This application requires the user to execute one Phase 1
run for each substructure change, one Phase II run, and as many
; Phase III runs as there are total substructures.

Some of the practical difficulties encountered at present
are summarized as follows:

e e o me

1) Each phase must be run consecutively and this increases
the real-time requirements.,

e e g

2) For Phases I and III each substructure must be run
independently., This increases the cost,

. gy = sy

-

> wo—

3) The user must take care in handling the tapes and
restart dictionaries used in the various phases.

L 4) For Phase II, the user must write a DMAP ALTER to
b suit the given problem., This requires taking into
account the number of substructures involved. The

user must also input a partition vector for each
substructure,

5) If a substructure is changed and the problem rerun,
the three phases must be run consecutively once
again,

For many large-scale problems enccuntered, especially where
information is gathered at different locations, this procedure
will be practical, but for many cases of intermediate ard large
size problems where all the data is accessible and fits within

the storage capacity of the computer, this procedure seems uan-
necessarily cumbersome,

A practical alternative to these procedures is to write
special purpose programs through the use of DMAP ALTER packages,
each suitable for a given need and each self contained in one
program to be run in one pass. Examples of this are presented in
the present paper and are titled multipartitioning and ''one-shot"
substructuring. 7T.ese procedures contain the following features:
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1) Only DMAP ALTER statements are involved so that no
additional capabilities need be included in NASTRAN,
although some are suggested in order to make the methods
more effi .ent and flexible,

2) The complete substructuring (multipartitioning) analy-
sis can be carried out in one run.

Set .

3) If a change is made in one of the substructures the
program only requires as input the changed substructure
and again gives a complete analysis of the entire struc-
ture in one run,

T e e s g m t
e sk

4) The rules for setting up the program for a given problem
do not require the user to make any changes in the DMAP
ALTER package .

5) The need for partition vectors has been eliminated.

6) The instructions to be followed for generating the re-
quired Case Control and Bulk Data Decks are simple.

7) There ie a minimum of tape handling and no restart
dictionaries required.

At present the ALTER packages presented here for static analy-
) xis carry the limitation that when making changes to a given sub-

S tructure for a follow-up substructure analysis, the elements ad-
,acent to the boundary points (a-set) must be unchanged in stiff-
Bess baecause the contribution due to these elements cannot be
giistinguished in forming [ﬁ;a]. (See fig. 1..)

MULTIPARTITIONING AND ONE-SHOT SUBSTRUCTURING

. The program flows for multipartitioning and one-shot sub-
B¥:tructuring are given in figure 1 and the specific DMAP ALTER
L .ﬂackages are given in figures 2 and 3, In the multipartitioning
BB ackage the entire data for a complete structure is given as in-
ut, along with the a-set points used to partition the structure

287
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and the grid points which are contained in each substructure. The pro-
gram then partitions the stiffness matrix by isolating each partitioned
substructure. The individual substructures are then operated on sepa-
rately as if the boundary degrees of frecdom (a-set Jdegrees of freedom)
are completely fixed. The interaction effects are then summed and the
a-set points are solved for. This information is then passed back to
each substructure and the solution for each substructure is carried out.
It can be seen that this method follows the normal procedure of sub-
structuring without having to form partition vectors for each subsiruc-
ture. The overall effect is to partition the stiffness matr: < as would
normally be done by using the partitioning (ASET or OMIT) feature,

but the name multipartitioning comes from the similarity between the
present method and the method of partitioning coupled with resegquencing
of nodes which results in a reduction of the bandw.dth. A demc.astration
of this method is shown in figure 4. Figure 4(a) represe .ts a finite-
element idealization where the nodes are numbered to produce the mini-
mum bandwidth. The idealization is partitioned into two sections as
shown. Figure 4(b) represents the initial structure before partitioning
and figure 4(c) after partitioning. The bandwidth has been reduced from
7 (assuming one degree of freedom per node) to 6. If we use the methods
of multipartitioning the two subdivisions are treated separately; thus, the
bandwidth is reduced t-; 4 as shown in figure 4(d). This reduction could
also be accomplished bv usirng the method of partition.ng (fig. 4(c)) along
with reordering the notis « a8 sha-. in figure 4(d).

We can now make a *.zire 1a one of the substructures and repeat
the analysis. Only the det for che changed substructure is required,

along with the stored inf >rn.ation (on tape) of the old complete structure.
Required calculations for the new structure are carried out (see fig. 1)

and the complete analysis of all the substructures proceeds as before.
USER PROCEDURES

The user procedures will be given by ionstration. Figure 5(a)
represents a structure to be analyzed by the preseat methods. The

288 g



-t .

e Py v W W gt - S

- wew—y o

% a—
e T R W S AU i i 8 3 imti | & 41 - LA, - [P — £ IR S A 5 el

! REPRODUCIBILITY OF THE, ORIGINAL PAGE IS POOR. -

- - . B o e—

—— -

structure is subdivided into three substructures and we are interested ...
two different loading conditions. The three substructures are shown in
figure 5(b). (An intermediate solution for the three substructures fixed at
é the a-set points is included in the ALTER package.)

‘ The Executive Control Deck contains the multipartitioning ALTER

i package (fig. 2). The Case Control Deck and Bulk Data Deck are shown in

x figure 6. The Bulk Data Deck wi.l be discussed first. The elements, grid

points, loads, and property cards are as usual. The ASET card defines the

boundary points of the substructures. The boundary conditions (simply

_ supported in this case) are placed on the gric point identifications (for

simplicity). All the grid points not included in the a-set are placed on

- SPC cards as follows: those contained in substructure i are placed in

if SPC set number 100 + i (see SPC and SPC1 cards) and ther added together

' so that SPC set j contains all points not in substructure j (see SPCADD
cards). This method is used in the program to partition out each substruc-

,ture. One auxiliary device must be mounted (INPT) for the multipartitioning

. program. If information is to be retained for subsequent use (e.g., to change

: one of the substructures) then three additional tapes must be mounted ("NP3,

 INP4, and INPS), and a parameter TAPE=1 must be defined. (See PARAM

card.) With a slight modification to the DMAP ALTER packages, this can

be reduced to one additional tape. The Case Control Deck first defines sets

corresponding to the nodes and elements contained within each substructure.

If these sets are omitted, the output for a given substructure will contain null

values for quantities cor -sponding to nodes and elements not contained in

the given substructure but contained in the total substructure. The subcase

-{definitions are as follows: the first digit refers to the substructure and the
" {second digit corresponds to the load case (e.g., SUBCASE 31 corresponds to

substructure 3 load case 1). The subcase sequence is as shown, i.e., each
subcase is defined as many times as therc are loading conditions, where the
number of subc2ses must be the same for each substructure. The subcase
numbering system is only suggested as a mnemonic to be used for ordering
ithe rubcases correctl

Figure 5(c) represents a ch-ge in geometry of substructure 2.
Any change can be made (geometry, material properties) so long as

=89
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the elements adjacent to the a-set points remain unchanged in stiffness.

The Executive Control Deck now contains the one-shot substructuring ALTER
package (fig. 3). The Bulk Data Deck contains only the new substructure and
load conditions along with the a-set points for the complete structure (fig. 7).
The ASET card must contain the same numb2r of degrees of freedom as in
the original multipartitioning run and the a-set points contained (n the
changed substructure must occupy the same relative position as before. For
this purpose fictitious grid points (or scalar points) must be defined and con-
strained on SPC cards. Two parameters are defined in thc Bulk Data Deck.
NUMSUB is set equal to the total number of substructures and SUBMUM is
set equsl to the number of tihe substructure to be changed. The Case Control
Deck contains one subca“e for each .nad condition and the number of load
conditions must be the same as in the original multipartitioniug run.

CONCLUDING REMARKS

It has been shown that using NASTRAN's DMAP capabilities one can
write ALTER packages to handle special cases of rubstructuring to be run in
a single pass, without the use of new modules. These programs result in a
saving of computer cost and real time as well as lessening the chance of
error due to data handling. However, grea.er versatility could be obtained
if some additional capabilities were included in the NASTRAN program.
These capabilities include set definitions for elements, grid points, and
a-set (and o-set) degre=s of freedom.

In connection with "partitioning”” methods a recent publication (ref. 2)
should be of interest.

REFERENCES

1. MacNeal, Richard H., ed.: The NASTRAN Theoretical Manual. NASA
SP-221 (01), 1972.

2. Meyer, Christian: Solution of I.inear Equstions — State-of-the-Art,
J. Struct. Div., ASCE, vol. 99, no. ST?, July 1973, pp. 1507-1526.

290

oy



PR L YR T I

-~ .

.
»
’

R -
LN
- v,
Multipartitioning
Llnput for all SubstmctutesJ
IFonn 'K“j, (Pg] J
Partition (Kg.l, [Pfl:
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(P} = ey,
{ 7,)
Solve for [Ug)l, [co]l:
[Km]i[ug]l - [Po]i.

Change in §t™™ Substructure

ilnpu: for New jth Suba(mctﬂ
Iﬁm (Keglyr [Py l

P

Partition (Kffij, ( £y
Mooly  (Kop's
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[Klo"j Kaaly
r{PO‘;j
Py =
7))

Solve for [Ug]j, [Golj:

U -
(Rpo 13 (001 = [Bo),

Kool (6,1 = = (K, 1y

W), R, 0. 06,0 [k )

Substructure Informatiom:

oa 1

Compute [K“l,[l’.]:

n

i=1
n

i=]

= T
[K“] - 'Kul + L [Konll(coll

5 T
()= B0+ ) (63), (R ],

Solve for‘[!!.]:

(Kyy)W,] = (B,

i !
"Solve for [“oll.:

-]
Uy = W31, + (6,),10,]

Form [0511:

Ugly ~ (8,13, (8,0, 10,3y ")

Figure 1.- Scheme for multipartitioning and one-shot

substructuring.
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x
ALTER 1,1
BEGIN NOsl STATIC ANALYSIS=SERIES M1-MULTIPARTITIONING $
ALTER S0

PARAM 7 /CoeNsNOP/VeNyP]1s=]

PARAM //CoNoNOP/VoNsTRUE==]1 $

PARAM //CoNeNOP/VeY s TAPEz=] §

S INITIALIZE TAPE = WRITE LABEL AND REWIND
QUTPUTYs o008/ /CoNeo=2/7CoNs0/CoNsTPO ¢

COND TPNG1+TAPE

$ INFORMATION 19 BE SAVED FOR SUBSEQUENT RUNS= If NOT DESIRED SET
TAPE==]l ON PARAM BULK DATA CARD
OUTPUTLs s099/7/CoNe=l/CoNs3/CoNeTP3 §
OUTPUTLs eves//CoNe=1/CoNoa/CoNoeTP4 $
OUTPUTIs w99 //CoNe=1/CoNs5/CoNeTP5

LABEL TPNO}

ALTER 5S4

$ FORM PARTITION VECTOR GLLCOMP)

VEC USET/V/CoNsG/CaNgL/CoNyCOMP §

CHKPNT v §

8 FORM PARTITION VECTOR F(L+COMP)

VEC USET/VFLC/CoN-F/CoNoL/CoNsCOMP §

CHKPNT VFLC $

PRTPARM //CoeNeD $

ALTER 75

§ PARTITION OUT LeSET

$ LeSET 1S SAME FOR ALL SUBSTRUCTURES
UPARTN USEToKFF/KLLBoXAQs /CaNeF/CoNsA/CoNIO §
CHKPNT KLLBeKAO §

ALTER 84

JUMP LBLT §

ALTER 94

PARAM //CoeNosSUB/VININULL/CoeNs=1/VeNePLl §
COND LBLN1eNULL

$ INITIALIZE KLLT TO NULL o FIRST PASS ONLY
ADD XLL9/KLLT/CoNs(0a09040) §

CHKPNT KLLT $

COND TPNORQsTAPE

QUTPUTL KLLBssss//CoNsO/CoNe3 §

LABEL TPNO2

LABEL LBLN1

COND TPNO34+TAPE

QUTPUT]Y KAQsGOes9/7 CeNeO/CoNs2 §

LABEL TPNO3

ADD KLLoKLLT/XKLLX/ $

CHKPNT KLLX §

EQUIV KLLXsKLLT/TRUE §

CHMKPNT KLLT §

COND LBLSAPL S

$ SUBTRACT KLLB “ROM KLLT EACH PASS AFTER THE FIRST
$ FIRST PASS GIVES TOTAL CONTRIBUTION OF XKLLB
$ SINCE L=SET 1S SAME FOR ALL SUBSTRUCTURES
ADD KLLToRKLLB/KLLXX/CoN9(1s000e0}1/CoNsi=1409040) &
CHKPNT XLLXX $

EQUIV KLLXXsKLLT/TRUE S

CHKPNT KLLT $

LABEL LBLS5A

ALTER 96

$ PARTITION OUT L=~SET

$ L=SET IS SAME FOR ALL SUBSTRUCTURES
PARTN PGooV/PLBoys/CoNsL/CoNI2/CoNI2 §
CHKPNT PLB

ALTER 100,10}

$5G2 USETIGMeYSIKFS GO sPG/oPOWPSePL §
CHKPNT POsPSIPL 3

Figure 2.- DMAP ALTER package for multipartitioning.
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ALTER 102

COND LBLNZ2sNULL

$ INITIALIZE PLT TO NULLe FIRST PASS ONLY

ADD PLo/PLT/CoNe(04000e0) 8

CHKPNT PLY §

COND TPNO&+TAPE

OUTPUTL PLBsses//CoNeQ/CoNsl §

LABEL TPNO&

LABEL LBLN2

TRNSP GO/GOT §

COND TPNOSeTAPE

OUTPUTY GOToePOs99//CoNsO/CoNok §

LABEL TPNOS

ADD PLIPLT/PLX/ S

CHKPNY PLX §

EQUIV PLXJPLT/TRUE $

CHEKPNT PLT

COND LBL10AWPL S

$ SUBTRACT PLB FROM PLT EACH PASS AFTER THE FIRST

$ FIRST PASS GIVES TOTAL CONTRIBUTION OF PLB

$ SINCE L-SET IS SAME FOR ALL SUBSTRUCTURES

ADD PLTPLB/PLXX/CoNe(1e000e0)/CoNo(=1404040) §

CHRPNT PLXX $

EQUIV PLXXsPLT/TRUE §

CHKPNT PLT S

LAREL LBL1CA

FBS LOONUODIPO/UOOY $

CHXPNT YOOV $

MATPRN YOOVePOsse//9

MATGPR GPLIUSET»SILIUOOV//CoeNeO S

MATGPR GPLIUSETeSILPO//CoMe0 $

ALTER 103,111

PARAM //CoNoADD/VeNIPL/VeNsPL/CoNel $

QUTOUT] USETsUCOVIGOsPG//CeNs0/CoN»0 §

ALTER 118

SOLVE XLLTsPLT/ULLB/CoNel 8

CHKPNT ULLB §

MATPRN ULLBsPLTKLLTes 7/ §

PARAM //CoNsNOP/VoNINSKIPLl=]l §

INPUTTY /9909/CoNo=3/CoNe0/CoNoSUB

LAREL LBL11O

INPUTT] /USET1+UQOV1sGO&IPCLe/CoNe0/CoNs0 §

SORY USET1+PGLoULLB yUDOOVI9sGOL s 00 09/UGVIPGGs/VININSKIPL/CoNeSTATICS §

CHKPNT UGVePGG $

MATPRN UGVIPGGers// S

PARAM //CoNoADD/VININSKIPL/VININSKIPL/CoNol §

PARAM //CoNoSUB/VINIPL/VeMePL/CoNsl

COND LBLBOsPL

REPT LBL110+100 $

JUMP ERRORY §

LABEL LBLBO §

PARAM //CoNsNOT/VINsTESTI/VeNsPLl §

COND ERRORSTEST1 $

SDR2 CASECCICSTMOMP T oEQEXINSIL1EDT 1BGPDTIPGGe s UGV IEST 9/0PGL s s0UGVL
OES1s0EF19/CoNISTATICS §

OFP OPGLlsOUGVLIOESL sOEFL94//VeNICARDNO $

SAVE CARDNO $

PRTPARM //CoNs0Q $

COND TPNO9TAPE

OUTPUTL CASECCICSTMIMPTIEQEXINGSIL//CoNsO/CoNeS S

OUTPUTL EDTBGPOT+PGGIESTe//CoNs0/CeNeS §

INPUTTY Zev00/CoNo=3/CoNes3/7/CoNsTPY §

INPUTTL Zovos/CoNoa3/CoNob/CoNeTPG §

INPUTTY Zo900/CoNomB3/CoNeS/CoNsTPS §

LAREL TPNOS

ALTER 1199126

ENDALTER

Figure 2.- Concluded,
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ALTER 141

BEGIN NOasl STATIC ANALYSIS=SERIES M1=ONE SHOT SUBSTRUCTURING $
ALTER 50

PARAM //CoNsNOP/VeNsPl==]

PARAM //CoeNoeNOP/VeN+TRUE==] §

$ SUBNUM = NOGOF SUBSTRUCTURE TO BE CHANGEDDFFAULT==]1 CORRe TO NO CHANGE
$ NUMSUB = NOo OF SUBSTRUCTURES « ONLY USED IF SUBNUM POSITIVE
PARAM //CoNsNOP/V Y +SUBNUME=] §

PARAM //CoNsNDR/VaYsNUMNSUB=L §

PARAM //CoNaSUB/V N NUMSL/VeY sNUMSUB/CoNsl S
PARAM /7/CeNsSUB/VHINISUBL/CaNI1/VeYsSUBNUM §
PARAM 7/ColoHOT/VINIOUTP/V Y s SUBNUM §

ALTER 54

$ FORM PARTITION VECTOR G(LsCOMP)

VEC USET/V/CoNsG/CoNsL/CoN,COMP §

CHKPNT v ¢

$ FORM PARTITION VECTOR F(LsCOMP)

VEC USET/VFLC/CoNeF/CoNoL/CoNICOMP §

CHKPNT VFLC §

PRTPARM //CeNeD S

ALTER 78

$ PARTITION OUT t=SET

$ L~SET IS SAME FOR ALL SUBSTRUCTURES
UPARTN USEToKFF/KLLB oKAOC S /CoNIF/CoNIA/CoNIO 8
CHKPNT KLLBWXAO §

ALTER 84

JUMP LBLT §

ALTER 94

$ PARTITION OUT Le~SET

$ L=SET 1S SAME FOR ALL SUBSTRUCTURES
PARTN PGooV/PLBres/CoNel/CoNe2/CoNs2 $
CHKPNT PLE S

ALTER 100,101

S5G2 USETIGMeYSIKFS+GOeesPG/ePOIPSIPL §
CHKPMT POJPSePL §

ALTER 102

FBS LJOsJODPO/UOOYV $

CHKPNT UQOV $

MATPRN UOOVePOses//S

MATGPR GPLOUSET+SILIUOOV//CoNsO §

MATGPR GPLIUSETsSILIPO//CoeNsO §

ALTER 10301211

PARAM //CoNysADD/VINIPL/VaNePL/CoNvl $

ALTER 118

COND LBOUT»SUBNUM §

PARAM /7/CoNoSUB/VINIPL/VeYINUMSUB /CoNel §
INPUTTL /99359/CoNe=3/CoNsd §

INPUTTL /9009/CoNo=3/CoNob §

INPUTTY] /KLLBlooso/CoNeO/CoNs3 $

INPUTTL /PLBLlooos/CoNeO/CoNob $

ADD KLLB1s/KLLY/ §

ADD PLB14/PLT/ &

LABEL FMKPL §

COND LBLSUBsSUBL §

MPYAD KAC»GOIKLLT/KLLTXZ2/CoNsO $

EQUIV KLLTXZ4XLLT/TRUE §

MPYAD GOsPOIPLT/PLTX2/CoNel §

EQUIV PLTX24PLT/TRUE §

PARAM //CoNoSUB/VINISUBL/VINISUBL/CoNe100 §
$ SKIP UNWANTED INFORMATION OF NON CHANGED SUBSTRUCTURES
INPUTT1 /DUMLsDUM2490/CoNs0/CoNed §

INPUTTL /DUM3sOUME s 00 /CoNs0/CetNvA S

JUMP LB111 §

LAREL LBLSUB §

INPUTTY /KAQLoGOLless/CoNeO/CoNsd §

INPUTT1 /GOT19POLres/CoNs0/CoNse §

P

g
N
4
ap
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N
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¥
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Figure 3.- DMAP ALTER package for one-shot substructuring.
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MPYAD XAOLsGOLlsKLLT/KLLTX3/CsNsQ §

EQUIV KLLTX3eKLLT/TRUE $

MPYAD GOT1+POLsPL./PLTXI/CoNIO §

EQUIV PLTX34PLT/TRUE §

PARAM //CoNoADD/VsNoSUBL/VINISUBL/CeNel §

LABEL LBI111 §

PARAM //CoNesSUB/VININUMSL/VeNINUMSL1/CoNel §

COND LBOUTNUMS] §

REPT FMKPL+100 S

LABEL LBOUT §

SOLVE KLLT+PLT/ULLB/CoeNsl S

CHKPNT uLLB §

MATPRN ULLBsPLTsKLLTes 7/ §

PARAM //CoNeNOP/VININSKIPlel §

INPUTTY /s999/CoNo=3/CoNoO/CoeNsSUB $

PARAM //CoNeSUB/VINISUBL/CoNel/VsYsSUBNUM §

LABEL LBL1lO

INPUTT1 /USET1sUOOVLIeGO&sPGL/CoMNs0/CoNe0 $

COND LBLNMsSUBL §

JUMP LBLOC S

LABEL LBLNM §

EQUIV ULLBIULX2/TRUE/UOOV]1+UOX2/TRUE/PGLPGX2/TRUE $

JUMP LBLNC §

LABEL LBLOO §

$ CREATE NULL MATRICES FOR NON CHANGED SUBSTRUCTURES

ADD ULLB9/ULX1/CoeNo(l=10000,0) $

ADD ULLBsULXI/ZULX2 S

ADD UOOV1e/UOX1/CoNe(=14000e0) §

ADD UOOV1sUOX1/U0X2 7/ $

ADD PGle/PGX1/CoNos{=1409040) §

ADD PGlePGX1/PGX2/ §

PARAM //CoNsADD/VININSKIPL/VININSKIPL/CoNol §

PARAM //CeNsSUB/VINISUBL/VINeSUBL/CeNs100 &

LABEL LBLNO §

SOR1 USET1sPGX2sULX2sUOX29 950G 9099 /UGVIPGGY/VININSKIPL/CoNISTATICS §

CHKPNT UGVIPGG $

MATPRN UGVePGGrey// S

PARAM //CoNsADD/VININSKIPL/VoNINSKIRPL/CoNol $

PARAM /7/CoNeSUB/VINIPL/VeNsPL1/CoNs1 §

PARAM //CoNosADD/VIN9SUBL/VeNsSUBL/CaN9l §

COND LBLSOsPL

REPT LBL1104100 S

JUMP ERROR1 §

LAREL LBLBO $

PARAM //CoNsNOT/VeNITESTL/VINIPL §

COND ERRORS,TEST1 § . .

INPUTTY /Z9009/CoNo=3/CoNo5 § s

INPUTT] /CASECCLoMPTLIEQEXINLoSILLeBGPDTLI/CINSIO/CoNsS $ "

INPUTT1 /PGGLlsEST1le9e/CoeNsO/CoNs5 § 72

SOR2 CASECCLoaMPTLooEQEXINLISILLo99sBGPDTL4PGGosUGVIESTLe/0PGL1lsy I
QUGV11+0ESL1s0EFLILe/CoaNISTATICS A

OFP OPG11+OUGVI1OESLI1+0EFLLlse//VeNsCARDNO §

SAVE CARDNO §

PARAM //CoNONOP/VININSK]IPLa] §

SORY USET+PGoULLBIUOOV 9GO s 099 /UGYNIPGN s /VeNINSKIPL/CeNISTATICS &

SOR2 CASECCsCSTMIMPT o yEQEXINSSTIL 9 oEDT oBGPDT oPGN s 9UGVNIEST+/70PGl 0

OUGV1+OESL1+0EF1e/CoNeSTATICS 8
OFP OPGlsOUGY1IOESLIsOEF1s9//VeNsCARDNO §
SAVE CARDNO $
. PRTPARM //CeNeO §

INPUTTL /Z9099/CoNo=3/CoNe3/CoNyTP3 §

INPUTTL /0009/CoNo=3/CoNva/CoNeTPS §

INPUTTY /9090 /CoNo=3/CoNeB/CoNsTPS §

ALTER 1199126

ENDALTER

e A 3 g ef M el gt

Figure 3.- Concluded.
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a) Idealization. b) Original matrix, bandwidth = 7.

c) Partitioned matrix,

bandwidth = 6.

12 34 567 8 910.

{ 12456 79 10... 1 26 17 .4 59 10 ...
§ 1]x x X X 1{X XX X
| 2|X X X X 2]X X X X
4 X X X X 6Ix X X X
5 X X XX 7IX X X X
61X X ° XX :
s 71X X X X 4 XXX X
9 XX X X 5 XXX X
10 ¥ X X X 9 X X XX
. 10 XX X X

d) Multipartitioned matrix,

bandwidth = 4.

“t et

Figure 4 .- Example of multipartitioning to reduce bandwidth.
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TITLEsMULTIPARTITIONING
SUBTITLESBEAM DIVIDED INTO THREE SUBSTRUCTURES
SET 1=1 TMRU 5
SET 23% THRU 9
SET 329 THRU 13
SET 4=1 THRU &
SET 525 THRU 8
SET 629 THRU 12
DISP = ALL
STRESS = ALL
FORCE = ALL
OLOADsALL
SUBCASE 11
LABEL = SUBSTRUCTURE ONE+LOAD ONE
SPC = ]
D1sPs=]
OLOAD=]
STRESS=4
FORCEs=4
SUBCASE 12
LABEL = SU